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7KH DFFXUDWH ODUJH TXDQWLW\ PHWURORJ\ RI  1E6Q VDPSOHV IRU WKH ,QWHUQDWLRQDO
7KHUPRQXFOHDU([SHULPHQWDO5HDFWRUWRURLGDOILHOGFRLOVLVDOVRUHSRUWHGDQGDQRYHUYLHZDQDO\VLV
RIWKHGDWDSURYLGHG,QSDUWLFXODUDOOVHYHQPHDVXUHPHQWW\SHVFULWLFDOFXUUHQWK\VWHUHVLVORVV
UHVLGXDO UHVLVWLYLW\ UDWLR GLDPHWHU FKURPLXPSODWLQJ WKLFNQHVV WZLVW SLWFK DQG FRSSHU WR QRQ
FRSSHUYROXPHUDWLRDUHGLVFXVVHGLQUHODWLRQWRWKHDFFXUDF\ZLWKZKLFKWKH\ZHUHSHUIRUPHG
7KHPHWKRGRORJ\ LQ SHUIRUPLQJ WKHKHDWWUHDWPHQWV DQGPHDVXUHPHQWV LV GLVFXVVHGDQG WKH
GHWDLORIWKHQHFHVVDU\HTXLSPHQWVHWXSLVJLYHQ7KHUHVXOWVIURPVRPHDGGLWLRQDOH[SHULPHQWV


























































































































































































































































































+DPSVKLUH  ,PXVW DOVR WKDQN HYHU\RQH ZKR LV RU KDV EHHQ LQ WKH6XSHUFRQGXFWLYLW\*URXS
EHFDXVHWKH\KDYHDOOKHOSHGPHLQRQHIRUPRUDQRWKHU7KHVHSHRSOHDUH+HOHQ&UDPPDQ
6WHYH 3UDJQHOO -RVKXD +LJJLQV -LDQ<RQJ ;L)HQJ (OLVDEHWWD 3XVFHGGX 3HWHU %\UQH















6LPRQ &XQQLQJKDP .LW *DOODJKHU 6WHSKHQ :HEVWHU 6LPRQH 6PLWK $OH[DQGHU %ODLU 7RP
+XGVRQ 9LFWRULD *ULJVRQ DQG 5RELQ /LQWHQ  , HVSHFLDOO\ WKDQN WKRVH VXPPHU VWXGHQWV ZKR
UHWXUQHGDQQXDOO\ WR WKH ODERUDWRU\DQGSURYLGHGVRPHDGGLWLRQDOFRQVLVWHQF\ WKHVHDUHTXLWH
REYLRXVO\SHRSOHZLWKDVWURQJFRQVWLWXWLRQ:LWKUHJDUGWRWKH,7(5ZRUN,WKDQN7KLHUU\%RXWERXO
DQG 3HWHU 5HDGPDQ IRU WKHLU DGYLFH LQ WKH HDUO\ GD\V DQG IRU DOZD\V EHLQJ UHDVRQDEOH DQG















ZKRVH OHYHOKHDGHGQHVV LQWHOOLJHQFH SK\VLFDO
VNLOOIRUHVLJKWDQGJRRGKXPRXUFRXSOHGZLWKKLV



















































































ZD\ RI GRLQJ VR  8QIRUWXQDWHO\ DOWKRXJK VXSHUFRQGXFWRUV DUH QRW KLQGHUHG E\ HOHFWULFDO
UHVLVWDQFH WKH\ DUH OLPLWHG E\ WHPSHUDWXUH FXUUHQW DQG PDJQHWLF ILHOG VWUHQJWK

























DUH QRW DEOH WR FDUU\ XVHIXO HOHFWULFDO FXUUHQWV IRU UHDVRQV WKDW ZRQ¶W EH DGGUHVVHG LQ WKLV
LQWURGXFWLRQDQGDUHWKHUHIRUHXQDEOHWRJHQHUDWHXVHIXOPDJQHWLFILHOGV7KHZD\DURXQGWKLVLV
WRSURGXFHVRPHOHYHORIFU\VWDOOLQHGLVRUGHU,QRWKHUZRUGVUDQGRPO\FKDQJHWKHRULHQWDWLRQRI








EHFDXVH LW LQFUHDVHVHOHFWULFDO UHVLVWDQFH )RUWXQDWHO\ WKLV RQO\HIIHFWVQRQVXSHUFRQGXFWRUV


















QXPEHU RI VHPLQDO WKHRUHWLFDO DQG H[SHULPHQWDO GHYHORSPHQWV VXFK DV D FRPSOHWH








,Q WRGD\¶VZRUOGZKHUHJOREDOGRPHVWLFHQHUJ\XVDJHKDVEHFRPHDPDMRU³JUHHQ´ LVVXH WKH




,Q WKLV FKDSWHU WKH PDMRU IXQGDPHQWDO WKHRULHV RI *LQ]EXUJ/DQGDX DQG %DUGHHQ&RRSHU


























3ULRU WR  WKH WZRPDLQ FKDUDFWHULVWLFV RI VXSHUFRQGXFWLYLW\ QDPHO\ ]HUR UHVLVWDQFH DQG
















D VXSHUFRQGXFWRU WKHQ WKH FKDUJH GHQVLW\ ۸ FRQWLQXRXVO\ LQFUHDVHV VLQFH WKHUH LV DQ
















ZKHUH۶ LV WKH PDJQHWLF ILHOG VWUHQJWK DQG ۲ LV WKH HOHFWULF GLVSODFHPHQW EHFRPHV LQ WKH
DEVHQFHRIPDJQHWLVDWLRQDQGGLVSODFHPHQWFXUUHQWV$PSHUH¶VODZ>@
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 ሺ۰ሻ ൌ Ͳ 

LVXVHGWRUHGXFHWR






















,Q  9LWDO\ *LQ]EXUJ DQG /HY /DQGDX SXEOLVKHG D SDSHU HQWLWOHG ³2Q WKH 7KHRU\ RI
6XSHUFRQGXFWLYLW\´ >@ LQ ZKLFK WKH\ SUHVHQWHG DQ H[WHQVLRQ WR WKH /RQGRQ EURWKHUV¶




















WKH+HOPKROW] IUHHHQHUJ\ LQ ]HUR ILHOGEHFDXVHZKHQ WKHRUGHUSDUDPHWHU LV VPDOO WKH IUHH
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HOHFWURPDJQHWLF HTXDWLRQV WR WDNHDFFRXQW RI WKH IXQGDPHQWDO VXSHUFRQGXFWLQJSKHQRPHQD 










































7KHRUGHUSDUDPHWHU߶ LVD ORFDOO\GHILQHGSDUDPHWHU LH LWVYDOXH LVSRVLWLRQGHSHQGHQWDQG
WKHUHIRUH LW FKDQJHV IURP SODFHWRSODFH ZLWKLQ D VXSHUFRQGXFWRU GHSHQGLQJ XSRQ WKH ORFDO
FRQGLWLRQV +RZHYHU WKHYDULDWLRQ LQ WKHFKDQJHRI߶ LVQRWZLWKRXW UHVWULFWLRQ WKHUHVWULFWLRQ
EHLQJWKHFRKHUHQFHOHQJWKߦ7KLVLVWKHFKDUDFWHULVWLFOHQJWKRYHUZKLFK߶FDQYDU\DSSUHFLDEO\


































































&RQVLGHULQJDVXSHUFRQGXFWLQJEXONPDWHULDOZLWKGLPHQVLRQV IDUJUHDWHU WKDQ WKHSHQHWUDWLRQ
GHSWK WKDW LV LQ WKH VXSHUFRQGXFWLQJ VWDWH WKH LQWHUQDO PDJQHWLF ILHOG ۰ ൌ ૙ DQG WKH RUGHU
SDUDPHWHUDUHFRQVWDQW>@$SSO\LQJWKHVHFRQGLWLRQVWRHTXDWLRQ\LHOGV





















)XUWKHU LQ WKHQRUPDO VWDWH WKHRUGHU SDUDPHWHU߶ ൌ Ͳ  $SSO\LQJ WKH VDPHPHWKRGZLWK WKH
FRQGLWLRQVIRUQRUPDOVWDWHEHKDYLRXU\LHOGV

 ݃௦ ൌ ௡݂ 

WKH*LEEVIUHHHQHUJ\GHQVLW\IRUWKHQRUPDOVWDWH7KHUHIRUHVLQFHWKHFULWLFDOILHOGRFFXUVDWWKH


























HTXDWLRQV IRU ERWK VWDWHV DW WKLV SRLQW DQG QRWLQJ WKDW WKH*LEEV IUHH HQHUJ\ LV HTXDO WR WKH
+HOPKROW]IUHHHQHUJ\ܨ௦DWܪ௖ଵ\LHOGV>@
















































































































)RU DQ DSSOLHG PDJQHWLF ILHOG ۰௔௣௣ OHVV WKDQ WKH FULWLFDO PDJQHWLF ILHOG ۰௖ D EXON 7\SH ,
VXSHUFRQGXFWRUZLOO SUHYHQW۰௔௣௣IURP UHPDLQLQJZLWKLQ H[SXOVLRQRUHQWHULQJ H[FOXVLRQ WKH
EXONRIWKHVXSHUFRQGXFWLQJPDWHULDO2QFHLQWKHVXSHUFRQGXFWLQJVWDWHWKHSUHVHQFHRI۰௔௣௣












FULWLFDO ILHOG ۰௖ ZKLFK LV WKH VDPH DV WKH 7\SH , FULWLFDO ILHOG  %HORZ ۰௖ଵ WKH 7\SH ,,
































ZLOO EH YHU\ FORVH WR WKDW RI WKH OLQHDULVHGHTXDWLRQ  DQG WKHUHIRUH WKH VROXWLRQ FDQEH
H[SDQGHGDVWKHOLQHDUFRPELQDWLRQ>@



































ZKHUHUHSUHVHQWVWZRHTXDWLRQVRQHIRUݓ ൌ ݔDQGRQHIRUݓ ൌ ݕ)XUWKHUWKHPDJQLWXGH
RIWKHPDJQHWLFILHOGJHQHUDWHGE\WKHVXSHUFXUUHQW۸௅LVJLYHQE\
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WKHWHQVRUKDYHHOHPHQWV௜ZLWK݅ ൌ ͳUHSUHVHQWLQJWKHDD[LV݅ ൌ ʹUHSUHVHQWLQJWKHED[LV













































































%&6 VHW RXW WR H[SODLQ ILYH PDLQ VXSHUFRQGXFWLQJ FKDUDFWHULVWLFV QDPHO\ WKH VHFRQGRUGHU
SKDVHWUDQVLWLRQDWWKHFULWLFDOWHPSHUDWXUHWKHHQHUJ\JDSRILQGLYLGXDOSDUWLFOHOLNHH[FLWDWLRQV





7KHHOHFWULF FXUUHQW IORZLQJ WKURXJK D FRQGXFWRU LV FRPSULVHGRI VWUHDPVRI HOHFWURQVZKRVH
PRWLRQVDFWDJDLQVWSK\VLFDOUHVLVWDQFHVWKDWGLVVLSDWHHQHUJ\IURPWKHIORZ7KLVLVWKHUHDVRQ
ZK\DFRQVWDQWSRWHQWLDOGLIIHUHQFHPXVWEHPDLQWDLQHGDFURVVWKHHQGVRIDQRUPDOFRQGXFWRULI
WKH HQHUJ\ ORVW WR WKH UHVLVWDQFH LV WR EH UHSOHQLVKHG DQG WKH FXUUHQW NHSW FRQVWDQW  7KH
UHVLVWDQFHLQTXHVWLRQLVFDXVHGE\WKHHOHFWURQVLQHODVWLFDOO\ERPEDUGLQJWKHFU\VWDOODWWLFHLRQV
GXH WR WKHLURZQ WKHUPDODJLWDWLRQ WKH WKHUPDODJLWDWLRQRI WKHFU\VWDO ODWWLFH LWVHOIDQG ODWWLFH
LPSHUIHFWLRQVDQGLPSXULWLHV*RRGFRQGXFWRUVDUHWKRVHPDWHULDOVLQZKLFKWKHVHHOHFWURQLRQ
ERPEDUGPHQWVDUHNHSWWRDQDEVROXWHPLQLPXP+RZHYHUJRRGFRQGXFWRUVGRQRWQHFHVVDULO\





7KH HPSKDVLV KHUH LV WKDW HOHFWURQLRQ LQWHUDFWLRQV PXVW EH LQYROYHG LQ WKH RQVHW RI WKH
VXSHUFRQGXFWLQJVWDWH,IWKLVLVVRWKHQDFKDQJHLQWKHPDVVRIWKHFU\VWDOODWWLFHLRQVVKRXOG
SURGXFH D FKDQJH LQ WKH HOHFWURQLRQ LQWHUDFWLRQ DQG OLNHZLVH D FKDQJH LQ WKH RQVHW RI WKH
VXSHUFRQGXFWLQJVWDWH7KLV LVRWRSHHIIHFWKDVEHHQREVHUYHGH[SHULPHQWDOO\DQGLWKDVEHHQ

















LRQV WKHPVHOYHV  7KHUHIRUH WKH LVRWRSH HIIHFW LV UHODWHG WR WKH FKDQJH LQ WKH FU\VWDO ODWWLFH


















VSLQ 7KLVSDUWLFXODUVLWXDWLRQDOVRHQVXUHV WKDW WKHSDLU H[SUHVVHVERVRQEHKDYLRXU LH WKHLU
FRXSOLQJGRHVQRWDGKHUHWRWKH3DXOL([FOXVLRQ3ULQFLSOHDQG WKHUHIRUHDOO&RRSHUSDLUVFDQ
RFFXS\WKHVDPHTXDQWXPVWDWH,WLVWKLVVLWXDWLRQWKDWHQVXUHVWKH&RRSHUSDLUVWDWHLVDVWDEOH
VWDWH EHORZ WKH WUDQVLWLRQ WHPSHUDWXUH DQG EHORZ FULWLFDO DSSOLHG ILHOGV  2Q D TXDQWXP
PHFKDQLFDOEDVLVWKHXQFHUWDLQW\SULQFLSOHUHYHDOVWKDWVLQFHWKHPRPHQWXPRIWKH&RRSHUSDLU
HOHFWURQV LVZHOO GHILQHG WKHLU VSDWLDO SRVLWLRQVDUHXQFHUWDLQDQGFDQ OLHZLWKLQDQH[WHQGHG
UHJLRQ7KHH[WHQGHGUHJLRQVRIDOOWKH&RRSHUSDLUHOHFWURQV WHQGWRRYHUODSDQGKHQFHWKH
VXSHUFRQGXFWLQJ&RRSHUSDLUVDFWLQXQLVRQLQWKHVDPHTXDQWXPVWDWH7KLVFRKHUHQFHPDNHV
LW HYHQPRUH GLIILFXOW IRU WKH VXSHUFRQGXFWLQJ VWDWH WR EH GHVWUR\HG EHORZ FULWLFDO ILHOGV DQG
WHPSHUDWXUHV DQG LW LV WKLV WKDW LV UHVSRQVLEOH IRU WKH LQILQLWH FRQGXFWLQJ ]HUR UHVLVWDQFH
EHKDYLRXULWDOVRGHPRQVWUDWHVPLFURVFRSLFTXDQWXPPHFKDQLFDOHIIHFWVRQDPDFURVFRSLFVFDOH

6LQFH WKH LQWHUDFWLRQ EHWZHHQ WKH&RRSHU SDLU HOHFWURQV FDQ EH WKRXJKW RI DV EHLQJ D GLUHFW
H[FKDQJHRIYLUWXDOSKRQRQVWKHLQWHUDFWLRQFDQEHPRGHOOHGE\>@
























7KH SUHVHQFH RI DQ HQHUJ\ JDS LV ZKDW JLYHV VXSHUFRQGXFWLYLW\ VWDELOLW\ EHORZ WKH WUDQVLWLRQ
WHPSHUDWXUHDQGLQDSSOLHGILHOGVEHORZWKHLUFULWLFDOPDJQHWLFILHOGV,QLWLDOO\LQWKHQRUPDOVWDWH
DOOWKHHQHUJ\OHYHOVEHORZDQGLQFOXGLQJWKH)HUPLOHYHODUHRFFXSLHGE\HOHFWURQVDGKHULQJWR
WKHH[FOXVLRQSULQFLSOH +RZHYHU WKHRQVHWRIVXSHUFRQGXFWLYLW\JLYHVULVH WRWKH IRUPDWLRQRI

















































































ZLWKWKHLQLWLDOFRQGLWLRQWKDWWKHYHFWRUSRWHQWLDOۯ ൌ ૙ZKHUH۰ ൌ ሺۯሻሻ7KHRXWFRPHDIWHU
VRPHPDQLSXODWLRQLVWKDWWKHDYHUDJHFXUUHQWGHQVLW\LQGXFHGE\WKHDSSOLHGILHOGLV>@

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7KH %&6 PRGHO JLYHV D GHWDLOHG DFFRXQW RI WKH PHFKDQLVP UHVSRQVLEOH IRU WKH RQVHW RI
VXSHUFRQGXFWLYLW\DQGKDVH[SODLQHGZK\VRPHPDWHULDOVDUHVXSHUFRQGXFWLQJZKLOHRWKHUVDUH








EDULXPFRSSHUR[LGH<%&2VXSHUFRQGXFWRUZLWKD WUDQVLWLRQ WHPSHUDWXUHFORVH WR.>@
1RWRQO\ZDVWKLVWKHZDUPHVWVXSHUFRQGXFWRUE\DVXEVWDQWLDOPDUJLQEXWPRUHLPSRUWDQWO\LW
ZDV WKH ILUVWVXSHUFRQGXFWRU WRKDYHD WUDQVLWLRQ WHPSHUDWXUHDERYH WKH WHPSHUDWXUHRI OLTXLG
QLWURJHQ.  ,QWKDOOLXPEDULXPFDOFLXPFRSSHUR[LGHZDVIRXQGWRKDYHDWUDQVLWLRQ





DJURXSRIVXSHUFRQGXFWRUVFDOOHGFXSUDWHV WKDWVLJQLILHV WKHLUFRSSHUR[LGHFRQWHQW  ,W LV WKH






EHKDYLRXU LQ LQKRPRJHQHRXV 7\SH ,, VXSHUFRQGXFWRUV >@ LH 7\SH ,, VXSHUFRQGXFWRUV ZLWK
JUDQXODUSRO\FU\VWDOOLQHPLFURVWUXFWXUHV 7KHPRGHO
VJUHDWHVWXWLOLW\ LV LWVDELOLW\ WR UHYHDO WKH
















































































 ܤ௭ሺݔሻ ൌ േߤ଴ܬࢉݔ ൅ ܥǤ 
%DVLFDQGDSSOLHGVXSHUFRQGXFWLYLW\  

VDPHDPRXQWDOO WKHZD\ WR WKHFHQWUH)LJXUHE LH WKH LQWHUFHSW LQ  LQFUHDVHV  ,Q
UHDOLW\LQFUHDVHVWRWKHDSSOLHGILHOGZLOOQRWLFHDEO\FKDQJHWKHVKDSHRIWKHLQWHUQDOILHOGSURILOH







RXWVLGHVXUIDFH LQZDUGV±DVKDVEHHQ WKHFDVHVR IDU 7KLV LVDQ LPSRUWDQWSRLQW±DOO ILHOG
FKDQJHV DUH JHQHUDWHG DW WKH PDWHULDO¶V RXWHU VXUIDFH  ,I WKH ILHOG LV KHOG FRQVWDQW DW DQ\




































KDSSHQV WR EH DV ORQJ DV WKH DSSOLHG ILHOG LV F\FOHG WKURXJK ILHOGV WKDW DUH ODUJHU WKDQ WKH
LQWHUPHGLDWH ILHOG WKHQZHFDQEHFHUWDLQ WKDWPD[LPXP WUDSSLQJDQGVKLHOGLQJKDVRFFXUUHG






ۃܤ୧୬୲ۄ GLIIHUV IURP WKH DSSOLHG ILHOG ܤୟ୮୮ WKURXJKRXW PRVW RI D ILHOGVZHSW F\FOH  7KH
PDJQHWLVDWLRQRIWKHVDPSOHDWDQ\SRLQWWKURXJKRXWWKLVF\FOHLVJLYHQE\
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6XEVWLWXWLQJIRUܬ ൌ ܬ௖ LQDQGWDNLQJLQWRDFFRXQWWKHUHODWLRQVKLSEHWZHHQPDJQHWLVDWLRQ
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(TXDWLRQ  LV JRRG IRU D VODE VKDSHG VDPSOH EXW RWKHU JHRPHWULHV DUH FDOFXODEOH RQ
DSSOLFDWLRQRIHTXDWLRQWRWKHVSHFLILFFDVHLQTXHVWLRQ
















:KLOH %HDQ¶V PRGHO GRHV QRW SURYLGH D PLFURVFRSLF XQGHUVWDQGLQJ RI K\VWHUHVLV LQ




%HDQ¶V DVVXPSWLRQV DUH FOHDUO\ YHU\ VLPSOH DQG DUH H[WUHPHO\ VXFFHVVIXO DW VDWLVI\LQJ WKHLU
SXUSRVHEXWRWKHU UHVHDUFKHUVVXFKDV.LPKDYHDGGHGJUHDWHU GHJUHHVRIFRPSOH[LW\ WR ILW











7KHUH DUH WZR PDLQ FODVVHV RI VXSHUFRQGXFWRUV 7\SH , DQG 7\SH ,,  7KH HOHPHQWDO




LQ PRGHUQ GD\ DSSOLFDWLRQV VXFK DV 05, VFDQQHUV IXVLRQ WRNDPDNV ,7(5 DQG SDUWLFOH
DFFHOHUDWRUV IRU H[DPSOH  7KHPDMRU ZRUNKRUVHPDWHULDOV DUH1E6Q DQG1E7L ZKLFK KDYH
UHVSHFWDEOHXSSHUFULWLFDOILHOGVDQGFULWLFDOFXUUHQWGHQVLWLHVVHH7DEOH

7KH XQFRQYHQWLRQDO VXSHUFRQGXFWRUV DUH WKRVH ZLWK KLJK FULWLFDO WHPSHUDWXUHV DQG DUH QRW
H[SODLQHG E\ %&6 WKHRU\  7KH\ DUHPRVWO\ 7\SH ,, LQ QDWXUH EXW KDYH VR IDU HYDGHGPDMRU
XWLOLVDWLRQ LQ DSSOLFDWLRQV EHFDXVH RI WKH HQJLQHHULQJ GLIILFXOWLHV LQYROYHG LQ IRUPLQJ KLJKILHOG
PDJQHWLF FRLOV ZLWK WKHP  +RZHYHU WKH EHQHILWV RI KLJKWHPSHUDWXUH VXSHUFRQGXFWLYLW\ LQ
DSSOLFDWLRQVDUHWRRKLJKWRVLPSO\UHPDLQZLWKWKHFRQYHQWLRQDOZRUNKRUVHVGLVFXVVHGDERYH
DQGWKHUHIRUHWKHUHLVDKXJHDPRXQWRIUHVHDUFKZRUNJRLQJLQWRWKHXQFRQYHQWLRQDOPDWHULDOV
7KH 1DWLRQDO +LJK 0DJQHWLF )LHOG /DERUDWRU\ LQ 7DOODKDVVHH )ORULGD DUH H[SHUWV LQ WKH
PDQXIDFWXUH DQG RSHUDWLRQ RI YHU\ KLJK ILHOG PDJQHWV XVLQJ ORZ WHPSHUDWXUH DQG KLJK






















OLNHO\ KLJKILHOG QDQRFU\VWDOOLQH VXSHUFRQGXFWRUV IRU DSSOLFDWLRQV  7KLV PRGHO LV EDVHG RQ
HVWDEOLVKHGPLFURVFRSLFWKHRU\DQG7D\ORU¶VSURSRVLWLRQ WKDWWKHUH LVDSURSRUWLRQDOLW\EHWZHHQ
WKH HOHFWURQSKRQRQ FRXSOLQJ SDUDPHWHU ߣ ZKLFK GHVFULEHV WKH VWUHQJWK RI WKH DWWUDFWLYH
HOHFWURQSKRQRQ LQWHUDFWLRQ DQG WKH XQUHQRUPDOLVHG GHQVLW\ RI VWDWHV DW WKH )HUPL VXUIDFH





























































 ߟୢ୧୰୲୷ ൌ ͳ െ ͳǤͷ ൬
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DUH QHFHVVDULO\ LQFOXGHG WRPRGLI\ WKH RULJLQDO */$* WKHRU\ IRU VXSHUFRQGXFWRUVZLWK VWURQJ
HOHFWURQSKRQRQ FRXSOLQJ߱୪୬ LV D SKRQRQPRPHQW LH D SDUWLFXODU H[SHFWDWLRQ YDOXH RI WKH
HOHFWURQSKRQRQ VSHFWUXP IXQFWLRQ  7KHEURDGHQLQJ RI WKHXQUHQRUPDOLVHGGHQVLW\ RI VWDWHV
ܰሺܧிሻ E\ LQFUHDVHV LQ QRUPDO VWDWH UHVLVWLYLW\ ߩ௡ LV LQFRUSRUDWHG LQWR WKHPRGHO E\ ILWWLQJ D
/RUHQW]LDQZLWKKDOIZLGWKܧ଴WRWKHQRUPDOVWDWHGHQVLW\RIVWDWHVDWWKH)HUPLVXUIDFH ଴ܰሺܧிሻ
DQGWKHQXVLQJDQRWKHU/RUHQW]LDQ IXQFWLRQRIKDOIZLGWKGHSHQGHQWRQߩ௡ WRPRGHO WKHDFWXDO
EURDGHQLQJZKLFKOHDGWR

 ܰሺܧிሻ ൌ ଴ܰሺܧிሻ൮
൫Ͷ ߨൗ ൯ ቀ԰ ߬ܧ଴ൗ











































ߨଶ݇஻ଶܰሺܧிሻሺͳ ൅ ߣሻǡ 
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LQ ܤ௖ଶሺͲሻ HT  EXW DOVR FDXVH GHFUHDVHV LQܰሺܧிሻ GXH WR WKH EURDGHQLQJ FDXVHG E\
VFDWWHULQJHYHQWVHT7KLVEURDGHQLQJWKHQGHFUHDVHVߛHTDQG ௖ܶHT
ZKLFK ERWK WKHQ DFW WR GLUHFWO\ LQIOXHQFH ܤ௖ଶሺͲሻ HT   7KLV FRPSHWLWLRQ EHWZHHQ WKH





















LQFUHDVHV LQܤ௖ଶሺͲሻ FDXVHG E\ UHGXFWLRQV LQ JUDLQ VL]H LQHYLWDEO\ OHDG WR DQ LQFUHDVH LQ WKH









$SSO\LQJ WKH WLPH LQGHSHQGHQW PDQ\ ERG\ 6FKURGLQJHU HTXDWLRQ 7,0%6( WR D V\VWHP RI
HOHFWURQVDQGQXFOHLLQDFU\VWDOODWWLFHUHVXOWVLQDQHTXDWLRQZKRVHVROXWLRQVDUHREWDLQDEOHDW
OHDVWLQWKHRU\,QSUDFWLFHKRZHYHUWKHFRPSXWDWLRQDOUHVRXUFHVUHTXLUHGDUHQRWREWDLQDEOH,W

























DQG (OLDVKEHUJ VSHFWUDO IXQFWLRQV  7KHVH FDOFXODWLRQV FDQ WKHQ EH XVHG WR REWDLQ WUDQVLWLRQ
WHPSHUDWXUHV KHDW FDSDFLWLHV UHVLVWLYLWLHV DQG WKHUPDO FRQGXFWLYLWLHV  )XUWKHUPRUH IURP WKH
FDOFXODWHG HOHFWURQSKRQRQ FRQVWDQW ߣ D YDOXH RI WUDQVLWLRQ WHPSHUDWXUH ௖ܶ DFTXLUHG IURP
FDOFXODWLRQRUVXVFHSWLELOLW\GDWDDQGDYDOXHRI WKHSKRQRQPRPHQW ഥ߱ଵFDOFXODWHGIURPKHDW
FDSDFLW\GDWDHTXDWLRQFDQEHXVHGWRREWDLQDYDOXHIRUWKH&RXORPESVHXGRSRWHQWLDO
ߤכ IRU DQ\ RI WKH VXSHUFRQGXFWRUV VWXGLHG  ,QLWLDOO\ WKLVZRUN KDVEHHQ UHVWULFWHG WR FRSSHU










SURVSHFWVRIRWKHUPDWHULDOV IRUDSSOLFDWLRQVFRXOGEH LQYHVWLJDWHG )XUWKHUPRUH LI%\UQHFDQ
VXFFHVVIXOO\PRGHOWKHJUDLQERXQGDULHVLQVXSHUFRQGXFWRUVDQGGHWHUPLQHWKHLUHOHFWULFDODQG


























7KH ,7(5 SURMHFW LV DQ LPPHQVHO\ FRPSOLFDWHG DQG H[SHQVLYH XQGHUWDNLQJ WKDW UHTXLUHV WKH
FRRSHUDWLYH RUJDQLVDWLRQ IXQGLQJ H[SHUWLVH GHVLJQ DQG EXLOGLQJ HIIRUW RI DQ LQWHUQDWLRQDO




















HQHUJ\ WUDQVIHUUHG IURP WKH LQGXFHG FXUUHQWV  WKH HIIHFWLYHQHVV RI WKLV KHDWLQJ PHWKRG
GHFUHDVHV+RZHYHUH[WHUQDOKHDWLQJPHFKDQLVPVWKDWZRUNDWWKHVDPHWLPHEHJLQWRGRPLQDWH





E\ LUUDGLDWLQJ LW ZLWK KLJKHQHUJ\ HOHFWURPDJQHWLF ZDYHV 7KH FRPELQDWLRQ RI WKHVH KHDWLQJ
PHWKRGV SURGXFHV D SODVPD WHPSHUDWXUH RI Ԩ ZKLFK LV KRW HQRXJK WR FDXVH
GHXWHULXPWULWLXPFROOLVLRQV  7KH UHVXOW RI WKLV IXVLRQ SURFHVV LV WKH UHOHDVH RI KHOLXPQXFOHL
H[FHVVHQHUJ\DQGQHXWURQV7KHKHOLXPSURGXFHGLVDZDVWHE\SURGXFWWKDWLVKDUPOHVVWRWKH





























FHDVHV WREHDGYDQWDJHRXV )RUPXFKKLJKHU ILHOGV%LWWHUPDJQHWV WKDWFRQWDLQZDWHUFRROHG
UHVLVWLYH SODWHV DEOH WR ZLWKVWDQG ODUJH /RUHQW] IRUFHV DUH DYDLODEOH DQG FDQ EH XVHG LQ
FRQMXQFWLRQ ZLWK VXSHUFRQGXFWLQJ PDJQHWV WR IRUP ³K\EULG´ V\VWHPV FDSDEOH RI SURGXFLQJ
PDJQHWLFILHOGVDVVWURQJDV7>@7KHVHUHVLVWLYHEDVHGPDJQHWVKRZHYHUFRPHZLWKD
VXEVWDQWLDO HQHUJ\EXUGHQ )RU LQVWDQFH WKH7K\EULGPDJQHWDW WKH+LJK0DJQHWLF)LHOG














































$GYDQFHG 6XSHUFRQGXFWLQJ 7RNDPDN ($67  EXLOW LQ &KLQD EHFDPH WKH ILUVW WRNDPDN WR





















































E\ DQ RYHUYLHZ RI VRPH RI WKHLU QRUPDO VWDWH SURSHUWLHV  $ GHWDLOHG DFFRXQW RI WKH PDMRU














KLJKZHDU UHVLVWDQFHKLJKPHOWLQJSRLQW ̱ʹͲͷͲԨ >@JRRG WHPSHUDWXUHVWDELOLW\DQGJRRG
FKHPLFDOVWDELOLW\DWKLJKWHPSHUDWXUHV>@,QEXONIRUPLWLVSRURXVDQGEULWWOH>@IHDWXUHVWKDW
DUHQRWFRQGXFLYHWRWKHSURGXFWLRQRIWKLQFRLOHGZLUHVIRUH[DPSOH,WLVWKHUHIRUHQRWVXUSULVLQJ
WR ILQG WKDW WKH OLWHUDWXUHPRVWO\ GHDOVZLWK WKH IDEULFDWLRQ RI WKLQ ILOPVZKLFK SURYLGH JUHDWHU
SK\VLFDOIOH[LELOLW\)XUWKHUWKLQILOPVRI1E1DUHXVHGLQ-RVHSKVRQMXQFWLRQHOHFWURQLFGHYLFHV

















1LRELXPQLWULGH LV D WUDQVLWLRQPHWDO FRPSRXQG LQ ZKLFK WKH QLRELXPDQG QLWURJHQ DWRPV DUH














ߜᇱSKDVH LV D WUDQVLHQW





















)LJXUH  %DQG VWUXFWXUH DQG GHQVLW\ RI VWDWHV RI QLRELXP QLWULGH >@  7KH GDVKHG
KRUL]RQWDOOLQHUHSUHVHQWVWKH)HUPLHQHUJ\IRUVWRLFKLRPHWULFQLRELXPQLWULGH
1LRELXPFDUERQLWULGH1E&[1[5HYLHZ   










7DEOH  FRQWDLQV RWKHU QRUPDO VWDWH SURSHUWLHV RI WKH EXON IRUP RI WKLV PDWHULDO  1LRELXP


















1E1 >@ [>@ a>@ >@
1E& >@ [>@ >@ >@








7KHUH DUH WKUHH SULPDU\ IRUPV RIPDWHULDO FRQVLGHUHG KHUH EXON ILOP DQG ZLUH ZLWK YDULRXV

















WKH\ LJQLWH 2QFHWKHLJQLWLRQKDVRFFXUUHGWKHWHPSHUDWXUHGXHWRFRPEXVWLRQ LQFUHDVHVDQG
GULYHVIXUWKHUVHOIVXVWDLQLQJUHDFWLRQV%XVFDJOLDHWDOHVWLPDWHWKHLUWHPSHUDWXUHWRKDYHEHHQ
LQWKHUDQJHWRԨ7KHLUSURFHVVEHJDQZLWKDQLRELXPSRZGHURIDYHUDJHJUDLQVL]H
a ȝP ZLWK D EURDG VL]H GLVWULEXWLRQ WKDWZDV ILUVW SUHVVHGDQG WKHQ VXEMHFWHG WR YDU\LQJ
QLWURJHQSUHVVXUHVLQWKHUDQJHWREDUZLWKLQDVWDLQOHVVVWHHODXWRFODYH,QGXFWLRQKHDWLQJ
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Watari et al. used more moderate reaction temperatures in 1984 to fabricate niobium nitride 
powder  [78].  They generated a vapour phase reaction in a horizontal alumina reactor, as shown 
in Figure 3.7, given by 
 
NbCl4(g) + NH3(g) +
1
2
H2(g) ⟶ NbN(s) + 4HCl(g). 
 




affected the properties of their niobium nitride [78].  The optimal mixing temperature that produced 
the purest δ-phase niobium nitride was 800 ℃ , while the optimal reaction temperature was 
between 800 and 1200 ℃  with a gas composition ratio NH3/NbCl4 of 1 to 12.  Point A in Figure 
3.7 represents the point at which the mixing took place and the actual mixing temperature was 
controlled by sliding the inner quartz tube 7 in and out of the outer alumina tube 3.  A method 
developed by Li et al. in 2003 also employed moderate reaction temperatures to react different 
niobium oxides in nitrogen containing gases.  It consisted of flowing NH3 (ammonia) gas over 
amorphous Nb2O5 powder (of 5 nm particle size) at a flow rate of 1000 mL/min within a tube 
 
Figure 3.6: Unit cell parameter (squares) and composition (circles) of δ-phase niobium 
nitride fabricated as a function of pressure at a temperature of 2400 to 2500 ℃.  Results of 
Buscaglia et al. (Reproduced from [76].) 
 
Figure 3.7: Apparatus used by Watari et al. to produce NbN powder.  1-Kenthal heater, 2-SiC 
resistance furnace, 3-alumina tube,4-Pt/Pt thermocouple, 5-collecting flask, 6-chrome-alumina 
thermocouple, 7-quartz tube [78]. 
















ZHOO DV įSKDVH VWRLFKLRPHWULF QLRELXP QLWULGH  3RZHOO¶V PHWKRG LV VLPLODU WR 3HVVDOO¶V EXW
SURGXFHG EHWWHU VWRLFKLRPHWU\ DW D YDVWO\ UHGXFHG UHDFWLRQ WHPSHUDWXUH Ԩ LQVWHDG RI
ԨZKLFKKDVREYLRXVSUDFWLFDODGYDQWDJHV
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GHFUHDVLQJ UHDFWLRQ WHPSHUDWXUHV IDFLOLWDWHG E\ UHDFWLQJ QLRELXP FRQWDLQLQJ FRPSRXQGV ZLWK
QLWURJHQFRQWDLQLQJJDVHV7KHOHDVWSRSXODUPHWKRGLVWKHGLUHFWUHDFWLRQEHWZHHQQLRELXPDQG







VHFWLRQ GRHV QRW GHDOZLWK QLRELXPFDUELGHH[FOXVLYHO\ KRZHYHU QLRELXPQLWULGH LV RQO\ SDLG
PLQLPDODWWHQWLRQ

7KH PDMRULW\ RI WKH ZRUN IDEULFDWLQJ QLRELXP FDUELGH EHJDQ LQ WKH PLGV WKRXJK QRQ
VWRLFKLRPHWULF QLRELXP FDUELGH ZDV ILUVW SUHSDUHG E\ -RO\ DV IDU EDFN DV  >@  7KH
PHWKRGRORJLHVXVHGLQWKHVDQGVWRIDEULFDWHEXONPDWHULDOZHUHYHU\VLPLODUDQGUHOLHG
RQPL[LQJQLRELXPDQGFDUERQJUDSKLWHSRZGHUVWRJHWKHUSULRUWRUHDFWLQJDWKLJKWHPSHUDWXUHV














VLPLODU UHDFWLRQ WHPSHUDWXUH ZDV XVHG E\ 7VXFKLGD HW DO WR SURGXFH QLRELXP FDUELGH IURP
PL[WXUHVRIWKHFRQVWLWXHQWHOHPHQWVWKHPVHOYHV+RZHYHUWKH\GLGWKLVZLWKRXWDFWXDOO\QHHGLQJ
WRJHQHUDWHWKHKLJKUHDFWLRQWHPSHUDWXUHVGLUHFWO\>@7KLVZDVDFKLHYHGWKURXJKVSRQWDQHRXV




WKH PLOOLQJ ZDV FRPSOHWHG WKH SRZGHUV ZHUH SODFHG LQWR D JUDSKLWH FUXFLEOH WR DYRLG
FRQWDPLQDWLRQ7KHPLOOHGSRZGHUVZHUHWKHQH[SRVHGWRDLUDWZKLFKSRLQWWKH\VSRQWDQHRXVO\
UHDFWHG EHJLQQLQJ ZLWK LQGHSHQGHQW UHG JORZLQJ UHJLRQV WKDW ZHUH IROORZHG E\ D YLROHQW
H[RWKHUPLFUHDFWLRQZKLFKHQJXOIHGWKHHQWLUHPL[WXUH7KHUHDFWLRQWHPSHUDWXUHZDVHVWLPDWHG
WR KDYH SHDNHG DW DSSUR[LPDWHO\ Ԩ  7KH IDEULFDWLRQ ZDV WKHQ UHSHDWHG IRU GLIIHUHQW









SUHYLRXVO\ GHYHORSHG WHPSHUDWXUHSURJUDPPHG PHWKRG WR WKH SURGXFWLRQ RI WUDQVLWLRQPHWDO



























  SRZGHU\ EODFN 1E&!1E!1E21E21E&
    1E&!1E!1E21E21E&
    1E&!1E!1E21E21E&
    1E&!!1E!1E21E21E&
  KLJKO\VZHOOHGVFDOHOLNH OLJKWJUH\ 1E&!!1E21E21E&






















EHWZHHQ GLIIHUHQW QLRELXP FRQWDLQLQJ DQG FDUERQ FRQWDLQLQJ FRPSRXQGV DQG RQ WKH GLUHFW
UHDFWLRQRIQLRELXPDQGFDUERQHOHPHQWVWKHPVHOYHV9HU\KLJKUHDFWLRQWHPSHUDWXUHVDQGPDQ\

















)LJXUH  7KHUPDO DQDO\VLV RI WKH QLRELXPFDUELGHSURGXFHGE\2\DPD¶V7HPSHUDWXUH
SURJUDPPHGPHWKRG  7KH ILJXUH VKRZV WKH WHPSHUDWXUH UDQJH RYHU ZKLFK WKH 1E& ZDV
IRUPHG  7&' WKHUPDO FRQGXFWLYLW\ GHWHFWRU  735 WHPSHUDWXUHSURJUDPPHG UHDFWLRQ
5HSURGXFHGIURP>@
1LRELXPFDUERQLWULGH1E&[1[5HYLHZ   
























1RPLQDOFRPSRVLWLRQ 1E1 1E1& 1E1& 1E1&
&ZW    
1ZW    
2ZW    
)RUPXODEDVHGRQDQDO\VLV 1E1& 1E1& 1E1& 1E1&
)RUPXODEDVHGRQFDUERQ
DQDO\VLVDQGZHLJKWJDLQ 1E1& 1E1& 1E1& 1E1&
7DEOH3URSHUWLHVRIQLRELXPFDUERQLWULGHIDEULFDWHGE\.LPHWDO>@








FKDUJHG DUJRQ DWRPV ZLWKLQ DQ LRQLVHG DUJRQ DWPRVSKHUH  7KHVH ERPEDUGPHQWV FKLS WKH









DYHUWLFDOO\VHSDUDWHGFDWKRGHDQGDQRGH ILUVWVSXWWHUV WKHFDWKRGHSULRU WRDSRODULW\FKDQJH
DIWHUZKLFKWKHVXEVWUDWHZKLFK LVSODFHGRQWRSRI WKHDQRGH LVWKHQVSXWWHUHGZLWKDYDVWO\
GHFUHDVHGFXUUHQWGHQVLW\,QWKLVZD\DQ\LPSXULWLHVLQWKHQHZO\IRUPHGWKLQILOPOD\HUDUHGULYHQ
RXWE\DFXUUHQWGHQVLW\WKDWZLOOQRWGDPDJHWKHILOPLWVHOI,Q)UHULFKVLQFROODERUDWLRQZLWK
.LUFKHU LPSURYHG WKH DF VSXWWHULQJ WHFKQLTXH IXUWKHU >@  ,Q RUGHU WR LPSURYH WKH
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It is clear that the structure of the material plays an essential role in determining its 
superconducting properties.  Troitskiy et al., who worked on the production of ultrafine niobium 
carbonitride powders with particle sizes in the range 20 to 60 nm [106], compared standard bulk 
material with their ultrafine material and found the lattice of these powders to be smaller; although, 
after annealing, the lattice parameters increased to match those of the standard bulk material.  
They also found that their ultrafine niobium carbonitride, with the composition NbC0.2N0.8, had an 
upper critical field three times that of the standard bulk material approaching ~42 T (this is 
supported by Figure 3.25).  With regard to upper critical magnetic field, Troitskiy’s material is 
undoubtedly the best.  Figure 3.26 is from early work conducted by Pessall et al. in 1965 that also 
shows the same compositional trend as Troitskiy’s work.  It also confirms the increase in lattice 
parameter with increasing carbon content. 
3.5.2 Critical current 
 
Critical current measurements on superconducting niobium nitride, carbide and carbonitride are 
extremely rare.  However, those measurements that have been conducted, which are pertinent 
to this review, will be discussed in this section.  No attempt is made to segregate the discussion 
into the different materials or their differing forms in order to emphasise the critical current 
measurements themselves. 
 
Suzuki et al. [111] have conducted the most promising and exciting critical current density 
measurements.  The value of 𝐽𝑐 for their sputtered niobium nitride films have been included in 
Figure 3.27, which shows the critical current densities for different applied magnetic fields of some 
Type II superconductors.  Suzuki’s niobium nitride films are anisotropic and Figure 3.27 shows 
the results for two orientations, 𝐁⊥, and 𝐁∥.  The critical current density of these niobium nitride  
 
 
Figure 3.25: Upper critical field (T) as a 
function of niobium carbide composition.  
Curve 1 represents normal bulk material 
whereas curve 2 represents the ultrafine 
powder produced by Troitskiy et al. [106] 
Figure 3.26: Upper critical field as a function 
of niobium carbide composition.  Work 
conducted by Pessall et al. [77]. 
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7KHVLWXDWLRQ UHJDUGLQJ WKHUHSRUWHGPHDVXUHPHQWVRI WKHFULWLFDOFXUUHQWGHQVLWLHVRIQLRELXP
QLWULGH DQG FDUELGH LV D WDOH RI WZRH[WUHPHV $W RQHH[WUHPHZH KDYH WKHH[FHOOHQW UHVXOWV
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7KHUH KDV EHHQ D QXPEHU RI HIIRUWV RYHU DQ H[WHQGHG SHULRG RI WLPH WR LPSURYH WKH
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RI WKLVSUHYLRXVZRUN WRDWWHPSW WRSURGXFHEXON IRUPQLRELXPFDUERQLWULGHZLWK WKHYHU\ EHVW
WUDQVLWLRQ WHPSHUDWXUH XSSHU FULWLFDO ILHOG DQG SRVVLEO\ FULWLFDO FXUUHQW GHQVLW\  1LRELXP
FDUERQLWULGH LV DQREYLRXV URXWH WR REWDLQLQJ VXSHULRU VXSHUFRQGXFWLQJ SURSHUWLHV LQ D UREXVW
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:H VWDUWHG E\ SHUIRUPLQJ SUHOLPLQDU\ H[SHULPHQWV GHVLJQHG WR GHWHUPLQH WKH SUHFXUVRU
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 WKH WUHDWPHQW ZDV
UHVWDUWHG DIWHU HOHPHQW
UHSODFHPHQW
7F VWLOO LQIHULRU WR HDUOLHU
WUHDWPHQWV







6       
6       
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6       
6
6
    
UW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0RGHUDWH 7F  FUXVW
IRUPDWLRQ6       
6
6
          
<(
6 




          
<(
6 
7KLV LV VLQWHUHG EDWFK 
PDWHULDO±VHH7DEOH
)DEULFDWLRQRIPLFURFU\VWDOOLQHDQGQDQRFU\VWDOOLQHQLRELXPFDUERQLWULGH   

VXEVWDQWLDOUHGXFWLRQLQXVHIXOPDWHULDO,QYHVWLJDWLRQVLQWRVROYLQJWKHFUXVWSUREOHPVWDUWHGZLWK
KHDWWUHDWPHQWZKLFKVLQWHUHGVDPSOH6 LQDQDUJRQDWPRVSKHUH LQVWHDGRIQLWURJHQ WR






















HQYLURQPHQW DQG WKH KLJK WHPSHUDWXUH IXUQDFH IRU KHDWWUHDWPHQWV XS WR  &ZLWKLQ D
FRQWUROOHGDWPRVSKHUHDUJRQRUQLWURJHQ
E FD



























'XH WR WKH UHIUDFWRU\QDWXUHRI WKHSUHFXUVRUPDWHULDOV1E&DQG1E1 ZKLFKKDYHYHU\KLJK







PHDQV WKDW ODUJHU JUDLQV KDYH SURSRUWLRQDWHO\ OHVV VXUIDFH DUHDV WKDQ VPDOOHU JUDLQV DQG
WKHUHIRUH ODUJHU JUDLQV KDYH SURSRUWLRQDWHO\ OHVV H[FHVV VXUIDFH HQHUJLHV  7KLV PDNHV WKH
IRUPDWLRQRIODUJHJUDLQVIURPWKHFRDOHVFHQFHRIVPDOOJUDLQVHQHUJHWLFDOO\IDYRXUDEOH7KHUH
DUH WZRPDLQSURFHVVHV LQYROYHG LQUHGXFLQJ WKHH[FHVVHQHUJLHVDVVRFLDWHGZLWK WKHVXUIDFH
DUHDVRIJUDLQVWKH\DUHFRDUVHQLQJDQGGHQVLILFDWLRQVHH)LJXUH>@














)DEULFDWLRQRIPLFURFU\VWDOOLQHDQGQDQRFU\VWDOOLQHQLRELXPFDUERQLWULGH   

&RDUVHQLQJFRQVLVWVRIVPDOOJUDLQVFRDOHVFLQJWRIRUPODUJHUJUDLQVWKDWUHPDLQVHSDUDWHGIURP



























UHGXFH WKHSRVVLELOLW\ RI FUDFNLQJ WKH IXUQDFH WXEH WR Σ& IROORZHGE\D KRXUGZHOO
SHULRG7KHIXUQDFHSURJUDPWKHQUDPSHGWKHWHPSHUDWXUHGRZQWRΣ&ZKHUHLWGZHOOHGIRU
KRXUV7KLVILQDOWHPSHUDWXUHSODWHDXZDVXVHGWRFRQWUROWKHQLWURJHQFRQWHQWRIWKHPDWHULDO
LQ DFFRUG ZLWK:LOOLDPV HW DO >@ ZKR IRXQG WKDW WKHLU EHVWPDWHULDO ZDV SURGXFHG XVLQJ D
WHPSHUDWXUHRIΣ&7ZRVHSDUDWHKHDWWUHDWPHQWVDQGLQ7DEOHZHUHXVHGWR





VLQWHULQJ WXEHVHH)LJXUHWKDWZDVWKHQPDGHJDVWLJKW 7KHVLQWHULQJ WXEHZDVXVHGWR
WUDQVSRUWWKHVDPSOHVEHWZHHQWKHJORYHER[DQGWKHKLJKWHPSHUDWXUHIXUQDFHZLWKLQDVHDOHG
HQYLURQPHQW7KHVDPSOHVUHPDLQHGZLWKLQWKHWXEHWKURXJKRXWWKHKHDWWUHDWPHQWDQGWKHWXEH¶V
)DEULFDWLRQRIPLFURFU\VWDOOLQHDQGQDQRFU\VWDOOLQHQLRELXPFDUERQLWULGH   

OHQJWK DOORZHG WKH VDPSOHV WR EH VLWXDWHGZLWKLQ WKH IXUQDFH¶V FHQWUDO KHDWHG ]RQH 3ULRU WR
LQLWLDWLQJ WKH KHDWWUHDWPHQW SURJUDP WKH VLQWHULQJ WXEH KDG LWV VWDJQDQW DUJRQ DWPRVSKHUH
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PDVVJ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ܵͳʹͲ ܵͳʹͳ ܵͳʹʹ ܵͳʹ͵ ܵͳʹͶ ܵͳʹͷ ܵͳʹ͸ ܵͳʹ͹  
3UHVLQWHUHG
PDVVJ
         
)DEULFDWLRQRIPLFURFU\VWDOOLQHDQGQDQRFU\VWDOOLQHQLRELXPFDUERQLWULGH   























)LJXUH 7\SLFDO;5'GDWD RI WKHFUXVW WKDW IRUPVDURXQG WKHVXUIDFHRI WKH1E&1
VDPSOHSHOOHWVGXULQJVROLGVWDWHVLQWHULQJZLWKRXWJDVJXDUG7KHUHGOLQHVZLWKRSHQV\PEROV
LQGLFDWHWKHH[SHFWHGSHDNSRVLWLRQVIRU1E2REWDLQHGIURP>@
















)LJXUH7\SLFDO;5'GDWDRISUHFXUVRU1E1SRZGHU 7KH UHG OLQHVZLWKRSHQV\PEROV
LQGLFDWHWKHH[SHFWHGSHDNSRVLWLRQVIRU1E1REWDLQHGIURP>@










RU H[FKDQJH RI FRQVWLWXHQW FRPSRQHQWV GLVRUGHULQJ ZKLFK LV WKH FRQWURO RI JUDLQ VL]H DQG
UHDFWLRQPLOOLQJZKLFKLVWKHJHQHUDWLRQRIVROLGVWDWHFKHPLFDOUHDFWLRQV>@7KHVHSURFHVVHV
DUH VHOHFWHG DQG FRQWUROOHG WKURXJK D QXPEHU RI SURFHVVLQJ SDUDPHWHUV WKDW LQ FRPELQDWLRQ
ZHLJKWWKHG\QDPLFVWRZDUGVDSDUWLFXODURXWFRPH6RPHRIWKHVHSDUDPHWHUVDUHPLOOHUW\SH
FRQWDLQHU YLDO VL]H LQWHUQDO YLDO VKDSH YLDO PDWHULDO PLOOLQJ VSHHG PLOOLQJ WLPH XVHG YLDO







YLDO LV FODPSHG LQWR WKH63(;0LOO DQG LV FRXQWHUEDODQFHG E\ DQ HPSW\ YLDO WKDW LV FODPSHG
GLDPHWULFDOO\RSSRVLWH7KLVVHWXSJUHDWO\UHGXFHVWKHYLEUDWLRQVWKHDSSDUDWXVSURGXFHV7KH






)DEULFDWLRQRIPLFURFU\VWDOOLQHDQGQDQRFU\VWDOOLQHQLRELXPFDUERQLWULGH   

63(;PHFKDQLVPVKDNHVERWKYLDOVLQDPRWLRQWKDWWUDFHVRXWDILJXUHHLJKWWKDWLVDSSUR[LPDWHO\
PPKLJKE\ PPZLGH >@  7KLVPRWLRQ FRQWUROV WKHSDWKV IROORZHGE\ WKHHQFORVHG
VSKHULFDOPLOOLQJHOHPHQWVFDXVLQJWKHPWRVFUDSHDQGLPSDFWDJDLQVWWKHVDPSOHSRZGHU




SDUWLFOH VL]H GLVWULEXWLRQ WKDW LV VWURQJO\ ZHLJKWHG WRZDUGV UHGXFHG SDUWLFOH GLPHQVLRQV  $
FRQVHTXHQFHRISDUWLFOHIUDFWXUHKRZHYHULVWKHLQFUHDVHGQXPEHURIIUHVKO\H[SRVHGSDUWLFOH






IRUVDPSOHPDWHULDO 7KHUHDUHDQXPEHURIPHWKRGV WKDWFDQEHXVHG WR UHGXFHWKLV W\SHRI
FRQWDPLQDWLRQ,IWKHVDPSOHSRZGHULVVRIWWKHQKDUGGHQVHPLOOLQJPHGLDFDQEHXVHG7KLV





















YHU\ LPSRUWDQW SURFHVV WKDW FRQVLVWV RI FRQGXFWLQJ D QXPEHU RI LQGHSHQGHQW PLOOLQJ UXQV
PLPLFNLQJ WKH LQWHQGHGH[SHULPHQWDO SURFHGXUHDVFORVHO\DVSRVVLEOHEXW WUHDWLQJ WKHPLOOHG
SURGXFWDVZDVWH7KHSXUSRVHLVWRSUHFRDWWKHLQWHUQDOZDOOVRIWKHYLDODQGWKHVXUIDFHDUHDV
RI WKHPLOOLQJ EDOOV ZLWK SRZGHU FKDUJHPDWHULDO  7KH ORJLF KHUH LV WKDW RQFH WKH FRDWLQJ LV
FRPSOHWHGWKHH[FKDQJHRIPDWHULDOEHWZHHQWKHYLDO¶VLQWHUQDOZDOODQGEDOOVDQGWKHSRZGHU
FKDUJHLVPRVWO\FRPSULVHGRISRZGHUFKDUJHPDWHULDOZLWKWKHSRZGHUFKDUJHFRDWLQJDFWLQJDV













DQG KDUGHQHG VWHHO ZHUH DOVR FRQVLGHUHG  ,Q WKH FDVH RI QLRELXP PLOOLQJ PHGLD LW ZDV
FRQWDPLQDWLRQE\QLRELXP WKDWZDV VSHFLILFDOO\ LQYHVWLJDWHG  )RU FRSSHUPLOOLQJPHGLD LW ZDV
FRSSHUFRQWDPLQDWLRQIRUKDUGHQHGVWHHO LWZDV LURQFRQWDPLQDWLRQDQGIRU WXQJVWHQFDUELGHLW
ZDVWXQJVWHQFRQWDPLQDWLRQ7KHOHYHORIFRQWDPLQDWLRQZDVPHDVXUHGXVLQJLQGXFWLYHO\FRXSOHG
SODVPDPDVV VSHFWURPHWU\ ,&306  7KLV WHFKQLTXH LRQLVHV WKH VDPSOH ZLWK D KRW SODVPD
DERYHԨDQGWKHQPHDVXUHVWKHFKDUJHWRPDVVUDWLRVRIWKHUHVXOWDQWVSHFLHVXVLQJPDVV







































)LJXUH  6XPPDU\ RI D SUHOLPLQDU\ LQYHVWLJDWLRQ LQWR WKH FRQWDPLQDWLRQ RI D QLRELXP
FDUELGHQLRELXPQLWULGHSRZGHUFKDUJHDIWHUPLOOLQJIRUGLIIHUHQWWLPHSHULRGVLQKDUGHQHGVWHHO
FRSSHUWXQJVWHQFDUELGHDQGQLRELXPPLOOLQJPHGLD

































VHUYLFH VSHFLILFDWLRQV (DFK FDPSDLJQ FRQWDLQHG WKUHH LQGHSHQGHQW PLOOLQJ UXQV  ,Q WKH ILUVW
PLOOLQJ UXQRI WKH ILUVWFDPSDLJQVPDOOTXDQWLWLHVRIPDWHULDOZHUHH[WUDFWHG IURP WKHSRZGHU
FKDUJHDWDQGKLQWHUYDOV7KHVHH[WUDFWLRQVZHUHFDUULHGRXWGXULQJUHVWSHULRGV7KH
YLDOZDVUHPRYHGIURPWKHPLOODQGSXWLQWRWKHJORYHER[WRSHUIRUPWKHDFWXDOH[WUDFWLRQSULRUWR


















ZLWKLQ  WR  GHJUHHV LQ )LJXUH  0LOOLQJ FDXVHV VWUXFWXUDO GHIHFWV VXFK DV DQWLVLWH
H[FKDQJH DQG YDFDQF\ IRUPDWLRQ WKDW FRQWULEXWH WR WKH VWUDLQLQJ RI WKH PLOOHG JUDLQV  7KH
UHSRVLWLRQLQJ RI DWRPLF VSHFLHV FDXVHG E\ WKLV GHIHFW IRUPDWLRQ FKDQJHV WKH UHODWLYH SHDN








ܯଶ 7KH UHGXFWLRQ LQGLDPHWHUFRQWLQXHVDOEHLWDWD YDVWO\ UHGXFHG UDWH WR WKHKPLOOHG













PDWHULDO WR GLVWULEXWH WKH IUHVK FRQWDPLQDWLRQ WKURXJKRXW WKH ZKROH SRZGHU FKDUJH DQG WKHQ
H[WUDFWDQHZVDPSOHIRU;5',IWKHJUDLQVL]HDQDO\VLVRIWKLVQHZVDPSOHUHWXUQHGDUHGXFHG
JUDLQ GLDPHWHU WR WKDW RI WKH ILUVW VDPSOH WKHQ WKH K\SRWKHVLV ZRXOG EH VWUHQJWKHQHG
















XVLQJ D1HW]VFK &* VLPXOWDQHRXV WKHUPDO DQDO\VHU 67$  7KLV HTXLSPHQW LV DEOH WR
PHDVXUHPDVVFKDQJHVDVORZDVђJ7*$DQGKHDWHQHUJ\WUDQVIHUUDWHVORZHUWKDQђ:
'6&7KH67$IDFLOLWDWHVWKHVLPXOWDQHRXVDFTXLVLWLRQRIKHDWIORZGDWDEHWZHHQDVDPSOHDQG






































QLO QLO ܯ଴ ܯଶ ܯ଺ ܯଵଶ ܯଶ଴§J ܯଶ଴ ൎ ͳʹ
PDVV
J
  1$         




















DFTXLVLWLRQ RI ERWK GDWDVHWV QRW RQO\ VHUYHV WR LQFUHDVH H[SHULPHQWDO HIILFLHQF\ EXW PRUH
LPSRUWDQWO\ VHUYHVDVDQDLG WR WKHLU LQWHUSUHWDWLRQ  7KHDFTXLVLWLRQSURFHVVFRQVLVWHGRI ILUVW
SHUIRUPLQJ67$PHDVXUHPHQWVIURPURRPWHPSHUDWXUHXSWRԨDWDUDWHRIԨȀVW
UXQWKHQFRROLQJWKHVDPSOHEDFNGRZQWRURRPWHPSHUDWXUHXQPHDVXUHGSULRUWRUHSHDWLQJ
DQ LGHQWLFDOPHDVXUHPHQW SURJUDPPHRQ WKH VDPH VDPSOH QG UXQ  $ FRPSDULVRQ RI ERWK
PHDVXUHPHQW UXQV UHYHDOV PDVV DQG SKDVH FKDQJHV DQGRU FKHPLFDO UHDFWLRQV WKDW KDYH
RFFXUUHGGXULQJ WKH WHPSHUDWXUHVZHHSE\GLIIHUHQFHV LQ WKHVWDQGQG UXQGDWDVHWV 7KHVH
WHPSHUDWXUH GHSHQGHQW GLIIHUHQFHV PDQLIHVW WKHPVHOYHV DV H[RWKHUPLF DQGRU HQGRWKHUPLF
FXUYHVLQWKHVWUXQWKDWHLWKHUGRQRWDSSHDULQWKHQGUXQRUKDYHDYHU\GLIIHUHQWFKDUDFWHULQ












































QLWURJHQFRXOGVXEOLPDWH )XUWKHUPRUH WKHDWPRVSKHUHZLWKLQ WKH67$ IXUQDFH LVKLJKSXULW\
DUJRQZKLFKPHDQVWKHQLWURJHQLVHIIHFWLYHO\VLWWLQJZLWKLQDYDFXXPLHWKHSDUWLDOSUHVVXUHRI
QLWURJHQZLWKLQWKH67$HQYLURQPHQWLVLQLWLDOO\]HUR$OVRRXWJDVVLQJUHPRYHVKHDWHQHUJ\IURP
WKH VDPSOHZKLFK UHTXLUHV DQ LQFUHDVHGSRZHU LQSXW IURP WKH67$ WRPDLQWDLQ WKH VDPSOH¶V
FXUUHQWWHPSHUDWXUHULVHKHQFHWKHFRUUHODWHGXSZDUGFXUYDWXUHRIWKH'6&GDWD,WLVLQWHUHVWLQJ














VHFWLRQ LQ&KDSWHU 7KHILUVW WKUHHRI WKHVHH[SHULPHQWVUHTXLUHGWKDWWKHPLOOLQJZDV
SHUIRUPHGZLWKLQDQLWURJHQDWPRVSKHUHDQGVRD1EPLOOLQJYLDOZDVPRGLILHGZLWKDEHVSRNH
YDOYH DVVHPEO\ VHH )LJXUH  WR DOORZ WKH H[FKDQJH RI $U IRU 1 DQG WR DOORZ WKH




WLPHVZHUHXVHG LQWKHUDQJH WRKRXUVEXWQRQHUHVXOWHG LQWKHIRUPDWLRQRI1E&1
WKRXJKRWKHUSKDVHVZHUHIRUPHGVXFKDV1E&DQG1E&IRUH[DPSOH7KHWKLUGH[SHULPHQW
ZDVLQWKHVSLULWRI&RUGRED¶VZRUNWKRXJKDJUHDWHUUDQJHRIPLOOLQJWLPHVZDVHPSOR\HGDQGD
SHUPDQHQW QLWURJHQ VXSSO\ ZDV QRW XVHG  7KH ODFN RI WKLV SHUPDQHQW QLWURJHQ VXSSO\ ZDV
FRPSHQVDWHGIRUE\LQFOXGLQJ1E1DVDSUHFXUVRU7KHUHDVRQLQJKHUHZDVWKDWWKH1E1ZRXOG
HQVXUH WKH SURFHVV EHJDQ ZLWK VXIILFLHQW QLWURJHQ DQG ZRXOG WKHUHIRUH QRW UHTXLUH JDVHRXV
QLWURJHQ WRSXSV GXULQJ PLOOLQJ  7KH PDLQ RXWFRPHV RI WKLV H[SHULPHQW ZHUH WKDW WKH











%XON DV RSSRVHG WR SRZGHU VXSHUFRQGXFWRUV DUH UHTXLUHG IRU DOO KLJKILHOG KLJKFXUUHQW
DSSOLFDWLRQV3RZGHUHGVXSHUFRQGXFWRUVWKDWKDYHRQO\EHHQFROGSUHVVHGLQWRSRURXVVDPSOHV
















+RW LVRVWDWLFSUHVVLQJ +,3LQJ LVXVHG LQ LQGXVWU\ WR LQFUHDVHGHQVLW\FRPELQHGLIIHUHQWSDUWV
WKURXJKGLIIXVLRQERQGLQJ LPSURYHPHFKDQLFDOSURSHUWLHVDQGSURGXFHSURGXFWVZLWKFRPSOH[


























































      1E )ULWVFK    <  1
,QLWLDO WHVWRIJDVYDOYHDVVHPEO\DQGDWWHPSWWR
IRUP1E&1XVLQJPHFKDQLFDODOOR\LQJ
9DOYH DVVHPEO\ ZRUNHG ZHOO $OOR\LQJ ZDV
XQVXFFHVVIXO ± FDOFXODWHG WKDW D PLQLPXP RI 




    1E )ULWVFK  

<  1
7KLV H[SHULPHQW ZDV LQWHQGHG WR EH D VKRUWFXW
URXWH WR QDQRFU\VWDOOLQH 1E&1 WKH PLOOHG
SURGXFWZDVHYHQWXDOO\+,3HG0LOOLQJRIVDPSOH
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*UDLQ VL]HV RI EHWZHHQ  DQG  QP ZHUH
DFKLHYHGEXW DJDLQ;5'VKRZHG WKHSURGXFW WR
FRQWDLQPXOWLSOHSKDVHVRI1E[&[DQG1E[1[










)DEULFDWLRQRIPLFURFU\VWDOOLQHDQGQDQRFU\VWDOOLQHQLRELXPFDUERQLWULGH   

LWHPSOR\VWHPSHUDWXUHVWKDWDUHORZHUWKDQWKHPHOWLQJWHPSHUDWXUHRIWKHVDPSOHEHLQJ+,3HG
+RZHYHU +,3LQJ XWLOLVHV HOHYDWHG WHPSHUDWXUHV LQ FRQMXQFWLRQ ZLWK HOHYDWHG K\GURVWDWLF



















































GXH WR LWV ORZHU YDFDQF\ FRQFHQWUDWLRQ :KLOVW LQ WKH ERXQGDU\ UHJLRQ WKH YDFDQFLHV DUH
DQQLKLODWHGEWKHIOX[RIYDFDQFLHVLQWRWKHERXQGDU\UHJLRQDQGVXEVHTXHQWDQQLKLODWLRQLV
HTXLYDOHQW WR D IOX[ RI ERXQGDU\ PDWHULDO LQWR WKH QHFN UHJLRQV  7KLV WUDQVSRUW RI

















D WKDQXQGHU WKHFRQYH[VXUIDFHER[F 7KLV LVEHFDXVH WKHGLIIHUHQFH LQ WKHELQGLQJ
HQHUJLHV RI WKH YDFDQFLHV DQG WKHLU UHVSHFWLYH VXUIDFH SDUWLFOHV LV OHVV XQGHU WKH FRQFDYH
VXUIDFH ER[ D WKDQ WKH FRQYH[ VXUIDFH ER[ F  %R[HV G DQG H VXPPDULVH WKH
GLVFXVVLRQJLYHQLQWKHQWH[W)LJXUHDGDSWHGIURP>@
)DEULFDWLRQRIPLFURFU\VWDOOLQHDQGQDQRFU\VWDOOLQHQLRELXPFDUERQLWULGH   
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SURFHVVHVWKDWSUHFHGH+,3LQJ LHPLOOLQJRU IDEULFDWLRQ $OOQXPEHUV WKDWDSSHDUDIWHU WKH
FHQWUDO³+´DUHGLUHFW+,3LQJSDUDPHWHUV
)DEULFDWLRQRIPLFURFU\VWDOOLQHDQGQDQRFU\VWDOOLQHQLRELXPFDUERQLWULGH   

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+,3UXQ%LOOHWVDQGZHUH+,3HGDWԨIRUPLQXWHVWRSURGXFHVDPSOHV ܪଶ଴ ଽହ଴ଵ଴ 7KH
UHDVRQIRU+,3LQJWZRLGHQWLFDOVDPSOHVZDVWRJXDUGDJDLQVWWKHFKDQFHVRIRQHIDLOLQJ

+,3UXQ%LOOHWZDV+,3HGDWԨIRUPLQXWHVWRSURGXFHVDPSOH ܪଶ଴ ଵଵହ଴ଵ଴ 7KLVELOOHW
IDLOHG

+,3UXQ%LOOHWZDV+,3HGDWԨIRUPLQXWHVWRSURGXFHVDPSOH ܪଶ଴ ଵଵ଺ଷଵଶ଴ 7KHVHW
SRLQW WHPSHUDWXUH IRU WKLV+,3 UXQZDVDFWXDOO\VHW WRԨ WRPDNH WLPH WKHRQO\YDULDEOH









'3RZGHU'LIIUDFWRPHWHU  7KH GDWD DUH VKRZQ LQ )LJXUH   7KHUH LV D VWDUN YLVLEOH
GLIIHUHQFHLQWKH;5'SDWWHUQVRIVDPSOHV ܪ଴ ଵ଴ହ଴ଵ଴ DQG ܪଶ଴ ଵ଴ହ଴ଵ଴ RI+,3UXQ7KLVLVWREHH[SHFWHG
VLQFHVDPSOH ܪ଴ ଵ଴ହ଴ଵ଴  LVHVVHQWLDOO\PLFURFU\VWDOOLQHVLQWHUHGEDWFKPDWHULDO WKDWZDVQRWPLOOHG
7KLVVDPSOH¶VVKDUSSHDNVDUHLQGLFDWLYHRILWVODUJHUJUDLQVL]HQPFRPSDUHGWR ܪଶ଴ ଵ଴ହ଴ଵ଴ 
ZKLFKZDVaQP7KHSDWWHUQVIRUWKHWZRVDPSOHV ܪଶ଴ ଽହ଴ଵ଴ RI+,3UXQDUHYHU\VLPLODUWR








7KHJUDLQGLDPHWHUVDQGODWWLFHSDUDPHWHUVRIWKH+,3HGVDPSOHV ܪ଴ ଵ଴ହ଴ଵ଴ DQG ܪଶ଴ ଵ଴ହ଴ଵ଴ DUHGLUHFWO\
FRPSDUHGWRWKHPLOOHGVDPSOHVܯ଴WRܯଶ଴LQ)LJXUH7KLVFRPSDULVRQSURYLGHVDFRPSOHWH
SLFWXUHRIWKHHIIHFWVRIWKHSURFHVVLQJRQWKHVDPSOHPDWHULDO)RULQVWDQFH+,3LQJVDPSOHܯ଴















ELOOHW ELOOHW ELOOHW ELOOHW ELOOHW ELOOHW ELOOHW ELOOHW
VDPSOH,' ܪ଴ ଵ଴ହ଴ଵ଴  ܪ଴  ܪଶ଴ ଽହ଴ଵ଴  ܪଶ଴ ଵ଴ହ଴ଵ଴  ܪଶ଴ ଵଵହ଴ସ଴  ܪଶ଴ ଵଵ଺ଷଵଶ଴  ܪଶ଴ ଽହ଴ଵ଴  ܪଶ଴ ଵଵହ଴ଵ଴ 











 ELOOHW    
     ELOOHW    ELOOHW 
   IDLOHG       ELOOHW
        ELOOHW  
   IDLOHG    ELOOHW   
)DEULFDWLRQRIPLFURFU\VWDOOLQHDQGQDQRFU\VWDOOLQHQLRELXPFDUERQLWULGH   

KDVKDGQRHIIHFWRQ LWV ODWWLFHSDUDPHWHUZKLFK LV WREHH[SHFWHG VHH WKH WDEXODWHGGDWD LQ










XVLQJ WKH1HW]VFK&*VLPXOWDQHRXV WKHUPDODQDO\VHU 67$ 7KHPHDVXUHPHQWVZHUH
SHUIRUPHGRQ+,3UXQVDPSOHV ܪ଴ ଵ଴ହ଴ଵ଴ DQG ܪଶ଴ ଵ଴ହ଴ଵ଴ VHH)LJXUHUHVSHFWLYHO\7KHVHGDWD
VKRZVLPLODUEHKDYLRXUWRWKHLUSUH+,3HGFRXQWHUSDUWVܯ଴DQGܯଶ଴ZKHUHVDPSOH ܪ଴ ଵ଴ହ଴ଵ଴ VKRZV
YHU\OLWWOHGLIIHUHQFHEHWZHHQLWVVWDQGQGUXQVZKLFKLVQRWWKHFDVHIRUVDPSOH ܪଶ଴ ଵ଴ହ଴ଵ଴ $JDLQ
WKHH[SODQDWLRQKHUH LVRXWJDVVLQJRIQLWURJHQKRZHYHU WKHUH LVQRZDSSUR[LPDWHO\DԨ


















ଵ଴  a 
ܪଶ଴ ଵ଴ହ଴
ଵ଴   
)LJXUH&RPSDULVRQEHWZHHQJUDLQVL]HDQGODWWLFHSDUDPHWHUVRIPLOOHGVDPSOHVܯ଴WR
ܯଶ଴WR+,3HGVDPSOHV ܪ଴ ଵ଴ହ଴ଵ଴ DQG ܪଶ଴ ଵ଴ହ଴ଵ଴ 7KHYDOXHVIRUHDFKGLPHQVLRQDUHWDEXODWHGRQWKH
ULJKW7KHJUDLQVL]HVIRUVDPSOHVܯ଴DQG ܪ଴ ଵ଴ହ଴ଵ଴ DUHWRRODUJHWREHSORWWHGLQWKHILJXUHEXWWKH
WDEXODWHGGDWDVKRZVWKDWWKHLUJUDLQVL]HLVDSSUR[LPDWHO\WKHVDPH





)LJXUH   7KHUPRJUDYLPHWULFPDVV GDWD 7*$ WRS RI SORW ± /+ D[LV DQG GLIIHUHQWLDO









)LJXUH   7KHUPRJUDYLPHWULFPDVV GDWD 7*$ WRS RI SORW ± /+ D[LV DQG GLIIHUHQWLDO
VFDQQLQJFDORULPHWU\GDWD'6&5+D[LVIRUWKH+,3HGVDPSOH ܪ଴ ଵ଴ହ଴ଵ଴ 7KHVROLGDQGGDVKHG
OLQHVVKRZVWUXQGDWDDQGWKHRSHQGLDPRQGVDQGFLUFOHVVKRZQGUXQGDWD




$ QXPEHU RI PDWHULDO IDEULFDWLRQ H[SHULPHQWV ZHUH FRQGXFWHG WR REWDLQ DQ RSWLPXP VHW RI
FRQGLWLRQSDUDPHWHUVWLPHDQGWHPSHUDWXUHIRUH[DPSOHWRDOORZWKHSURGXFWLRQE\VROLGVWDWH
VLQWHULQJ RI a  J RI VLQJOH SKDVH JRRG TXDOLW\ EXON 1E&1 VHH )LJXUH  ZLWK D
VXSHUFRQGXFWLQJWUDQVLWLRQWHPSHUDWXUHRI.6PDOOTXDQWLWLHVRIYHU\KLJKTXDOLW\PDWHULDO
ZLWKDWUDQVLWLRQWHPSHUDWXUHRI.ZHUHDOVRSURGXFHG%DWFKHVRIWKHIDEULFDWHGPDWHULDO
ZHUH SXOYHULVHG XVLQJ PHFKDQLFDO EDOO PLOOLQJ IRU XS WR  KRXUV WR SURGXFH a  J RI
QDQRFU\VWDOOLQH SRZGHU WKDW ZDV XVHG WR IRUP HLJKW +,3 ELOOHWV  6HYHQ RI WKHVH ELOOHWV ZHUH
VXEVHTXHQWO\+,3HGXVLQJGLIIHUHQWWHPSHUDWXUHVDQGRUWLPHVWRIRUPVHYHQEXONVDPSOHV,Q
SDUDOOHO WR WKLV ZRUN YDULRXVPHDVXUHPHQW DQGDQDO\VLV WHFKQLTXHV VXFKDV [UD\ GLIIUDFWLRQ
5LHWYHOG UHILQHPHQW DQG GLIIHUHQWLDO VFDQQLQJ FDORULPHWU\ ZHUH HPSOR\HG WR FKDUDFWHULVH WKH
PDWHULDO¶V SK\VLFDO SURSHUWLHV WKURXJKRXW LWV SURGXFWLRQ DQG SURFHVVLQJ  7KH QH[W FKDSWHU





































HIIHFW RQ WKH VXSHUFRQGXFWLQJ SURSHUWLHV RI 1E&1 E\ FKDQJLQJ WKH PDWHULDO IURP







LQYHVWLJDWHG VDPSOH ܪ଴ ଵ଴ହ଴ଵ଴  WKDW ZDV QRW PLOOHG ZKRVH SUHFXUVRU ZDV REWDLQHG IURP KHDW
WUHDWPHQWDQGZDVVXEVHTXHQWO\+,3HGIRUWHQPLQXWHVDWԨDQGEDU6DPSOH6
ZDVFKRVHQIRULQYHVWLJDWLRQEHFDXVHLWKDGWKHKLJKHVW ௖ܶ6DPSOH6ZDVFKRVHQEHFDXVH






























































ଵ଴   a         
6  a         
6  a         

)LJXUH1RUPDOVWDWHUHVLVWLYLW\GDWDRIWKUHHPLFURFU\VWDOOLQHVDPSOHV6DPSOHV6DQG
6VHH7DEOHDUHVLQWHUHGVDPSOHVDQGVDPSOH ܪ଴ ଵ଴ହ଴ଵ଴ LVDVLQWHUHGVDPSOHWKDWZDV





IDYRXU DWRPLF GULYLQJPHFKDQLVPV WKDW OHDG WR FRDUVHQLQJ LQVWHDG RI GHQVLILFDWLRQ  $ VLPLODU
VLWXDWLRQLVHYLGHQWLQWKHGDWDRIWKH+,3HGVDPSOH ܪ଴ ଵ଴ହ଴ଵ଴ ZKLFKKDVWKHKLJKHVWߩ௡ ൌ ʹǤ͹ߤȳ







$&VXVFHSWLELOLW\GDWDZHUHREWDLQHG IURPPHDVXUHPHQWVSHUIRUPHGZLWK WKH3306 LQ$&06
PRGH7KH3306ZDVXVHGWRDSSO\DVWDWLFPDJQHWLFILHOGWRHDFKVDPSOHZKLOHWKHWHPSHUDWXUH
ZDVVZHSW IURPDIHZ.HOYLQDERYHWKHH[SHFWHGPD[LPXPFULWLFDO WUDQVLWLRQ WHPSHUDWXUH ஼ܶ
GRZQWR.'XULQJWKHPHDVXUHPHQWVWKH3306VXSHULPSRVHGDVPDOORVFLOODWLQJILHOGRQWRS
RIWKHDSSOLHGILHOGWRH[FLWHWKHVDPSOH¶VPDJQHWLFUHVSRQVH7KLVSURFHGXUHZDVUHSHDWHGIRU




6DQG6DOOVKDUHVLPLODU ஼ܶ ¶V.EXWWKH+,3HGVDPSOH ܪ଴ ଵ଴ହ଴ଵ଴ KDVDORZHU ஼ܶ













)LJXUH   1RUPDOLVHG PDJQHWLF PRPHQW YV WHPSHUDWXUH IRU WKH WUDQVLWLRQV LQ DSSOLHG










3306ZKLFK LV WUHDWHGDVDQDGGHQGDGDWDVHW 7KHVDPSOH LV WKHQPRXQWHGRQWR WKHSXFN
SODWIRUPRQWRSRIWKHJUHDVH7KHJUHDVHSURYLGHVDJRRGWKHUPDOFRQWDFWWRWKHSODWIRUPDQG
DOVRVWRSVWKHVDPSOHIURPEHLQJHDVLO\GLVORGJHGGXULQJKDQGOLQJ7KHWRWDOKHDWFDSDFLW\RIWKH














7DEOH  7UDQVLWLRQ WHPSHUDWXUH ஼ܶ DQG
WUDQVLWLRQ ZLGWK ȟ ஼ܶ   ±   IRU IRXU
VDPSOHVREWDLQHGIURPDFVXVFHSWLELOLW\GDWD
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ଵ଴   a
 ܥ
ܶ
ൌ ߛ ൅ ߚܶଶ 
















XVLQJ HTXDWLRQ  EHFDXVH LW UHTXLUHV DQ H[WUDSRODWLRQ RI WKH QRUPDO VWDWH GDWD DW ORZ
WHPSHUDWXUHVWR.IURPZKLFKWKHLQWHUFHSWDQGVORSHFRUUHVSRQGWRWKHUHTXLUHGYDOXHVRIߛ
DQGߚ+RZHYHUEHFDXVHYHU\KLJKPDJQHWLFILHOGKHDWFDSDFLW\PHDVXUHPHQWVDUHOHVVUHDGLO\
DYDLODEOH LQ WKH VFLHQWLILF FRPPXQLW\ LW LV GLIILFXOW WR FRPSOHWHO\ VXSSUHVV WKH RQVHW RI
VXSHUFRQGXFWLYLW\DOOWKHZD\WRYHU\ORZWHPSHUDWXUHVZKLFKLVQHFHVVDU\WRUHGXFHWKHH[WHQW
RIWKHUHTXLUHGH[WUDSRODWLRQDQGLPSURYHLWVDFFXUDF\)RUWXQDWHO\ZHFDQXVHWKHUHODWLRQVKLS











ILHOGDQGWKHRWKHU LQ WKHKLJKHVW ILHOGZHKDYHDYDLODEOHVHH)LJXUHD 7KHKLJKHVWILHOG
GDWDVHWLVXVHGWRVXSUHVVWKHRQVHWRIWKHVXSHUFRQGXFWLQJWUDQVLWLRQDVPXFKDVSRVVLEOHWR
IDFLOLWDWHWKHH[WUDSRODWLRQRILWVQRUPDOVWDWHFXUYHWR.VHH)LJXUHE6XEVWLWXWLRQRIWKH
XSSHUOLPLWܶIRUܶ ௖LQHTXDWLRQSURYLGHVWKHHQWURS\DW ௖ܶLHܵ ೎்WKLVSRLQWLVVKRZQLQ)LJXUH
EWRGZKLFKLVWKHVDPHIRUERWKWKH]HURILHOGVXSHUFRQGXFWLQJVWDWHDQGWKHQRUPDOVWDWH
7KHQDVGHSLFWHGLQ)LJXUHFDQGGWKHDUHDXQGHUWKHQRUPDOFXUYHDUHD$DQGWKDWXQGHU









ଵ଴   
*HEDOOH>@  






















































ଵ଴ ZHUH REWDLQHG IURPPDJQHWLVDWLRQ GDWD XVLQJ%HDQ¶V FULWLFDO VWDWHPRGHO >@ IRU VODE
VKDSHGVDPSOHVLQDFFRUGDQFHZLWKHTXDWLRQ(DFKRIWKHVDPSOHVZHUHVODEOLNHLQVKDSH
DQGRIPLOOLPHWUHGLPHQVLRQVJLYLQJD W\SLFDOXQFHUWDLQW\ LQ ܬ஼RIa 3ORWVRIܬ஼YV% IRU





6 DQG 6 VKDUH YHU\ VLPLODU ܬ஼ ¶VZKLFK LV H[SHFWHG JLYHQ WKHLU YHU\ VLPLODU IDEULFDWLRQ
PHWKRGV +RZHYHU ܬ஼RI WKH+,3HGVDPSOH ܪ଴ ଵ଴ହ଴ଵ଴  LVDSSUR[LPDWHO\KDOI WKDWRI WKHVLQWHUHG
VDPSOHV7KLVVXJJHVWVWKDWWKHFRQQHFWLYLW\EHWZHHQWKHJUDLQVLQWKHVDPSOHVVLQWHUHGDWKLJKHU
WHPSHUDWXUHV LVEHWWHUWKDQWKHVDPSOHV+,3HGDW ORZWHPSHUDWXUHVDQG LVFRQVLVWHQWZLWKWKH
UHVLVWLYLW\GDWD:HQRWHKRZHYHUWKDWLQSULQFLSOHLWFRXOGEHDUJXHGWKDW+,3LQJVDPSOH ܪ଴ ଵ଴ହ଴ଵ଴ 

)LJXUH8SSHUFULWLFDOPDJQHWLFILHOGDVDIXQFWLRQRIWHPSHUDWXUHIRU1E&1REWDLQHG
IURP DFVXVFHSWLELOLW\ $&06 PDJQHWLF K\VWHUHVLV 0$* DQG KHDW FDSDFLW\ +&
PHDVXUHPHQWVSHUIRUPHGRQVDPSOHV666DQG ܪ଴ ଵ଴ହ଴ଵ଴  7KHGDVKHGFXUYHLVD
EHVWILWWRWKHFRPSOHWHGDWDVHW












VDPSOHV66DQG6DQGWKH+,3HGVDPSOH ܪ଴ ଵ଴ହ଴ଵ଴ DW WHPSHUDWXUHVDQG
.7KHGDWDIRUHDFKRIWKHWHPSHUDWXUHVDUHLQGHSHQGHQWO\VKRZQLQSORWVDWRH1RWH
GDWDDW.ZHUHQRWREWDLQHGIRUVDPSOH ܪ଴ ଵ଴ହ଴ଵ଴ 
&KDUDFWHULVDWLRQRIPLFURFU\VWDOOLQHDQGQDQRFU\VWDOOLQHQLRELXPFDUERQLWULGH 





WKDW FRXOGEHFDUULHG E\ WKHVDPSOH $OVR VLQFHPDJQHWLVDWLRQPHDVXUHPHQWVZHUHXVHG WR
DFTXLUH WKH GDWD IURP ZKLFK ܬ஼ ZDV FDOFXODWHG DV RSSRVHG WR DFWXDO FXUUHQW WUDQVSRUW
PHDVXUHPHQWV WKLV OLQH RI UHDVRQLQJ VXJJHVWV ZH DUH VHHLQJ WKH UHVXOW RI DQ LQFUHDVH LQ
LQWUDJUDLQ TXDOLW\ LQ WHUPV RI D UHGXFWLRQ LQ GHIHFWV UDWKHU WKDQ D GHFUHDVH LQ LQWHUJUDLQ
FRQQHFWHGQHVVRUPRUHOLNHO\VRPHFRPELQDWLRQRIWKHPERWK1HYHUWKHOHVVLQWKHFRQWH[WRI
WKH QDQRFU\VWDOOLQH PDWHULDO FRQVLGHUHG EHORZ ZH WDNH WKH PLFURFU\VWDOOLQH VXSHUFRQGXFWLQJ




$ VLPLODU DQDO\VLV WR WKDW DSSOLHG WR WKHPLFURFU\VWDOOLQH VDPSOHV GLVFXVVHG DERYH ZDV DOVR
SHUIRUPHGRQWKHILYHQDQRFU\VWDOOLQHVDPSOHVSURGXFHGIURP+,3HGELOOHWVWRLQ7DEOH











7DEOHFRQWDLQVWKHLUWUDQVLWLRQWHPSHUDWXUHVDQGWUDQVLWLRQZLGWKV6DPSOH ܪ଴ ଵ଴ହ଴ଵ଴ ZKLFKLV
PLFURFU\VWDOOLQH DQG WKH VWDUWLQJ PLOOHG SRZGHU VDPSOH ܯଶ଴ DUH LQFOXGHG LQ WKH WDEOH IRU
7DEOH&ULWLFDOFXUUHQWGHQVLW\ܬ஼LQDSSOLHGPDJQHWLFILHOG% 7DQGDWDWHPSHUDWXUHRI
7 .IRUWKHPLFURFU\VWDOOLQHVDPSOHV7KHVHGDWDSRLQWVZHUHREWDLQHGIURP)LJXUHE










7KHUH LVDFOHDUDQGV\VWHPDWLF LQFUHDVH LQܤ௖ଶሺͲሻDQGDGHFUHDVH LQ ௖ܶ IRU WKHEXONVDPSOHV
+,3HGDW WKHKRWWHVW WHPSHUDWXUH DQG ORQJHVW WLPH ܪଶ଴ ଵଵହ଴ସ଴  WKURXJK WR WKHRQH+,3HGDW WKH
FRROHVWWHPSHUDWXUH ܪଶ଴ ଽହ଴ଵ଴ :HDWWULEXWHWKLVLQYHUVHFRUUHODWLRQEHWZHHQ+,3WHPSHUDWXUHDQG




VWDWHPHQW LQ WKLV UHVSHFW 0RVW VWULNLQJ KRZHYHU LV WKH LQFUHDVH LQܤ௖ଶሺͲሻ RI VDPSOH ܪଶ଴ ଽହ଴ଵ଴ 
a7LQFRPSDULVRQWRWKHPLFURFU\VWDOOLQHGDWDa7ZKLFKLVDQaLQFUHDVHZLWK
QR UHDVRQ WR EHOLHYH WKH PD[LPXP KDV \HW EHHQ UHDFKHG  )LJXUH   FRQWDLQV D GLUHFW
FRPSDULVRQEHWZHHQWKH+,3HGQDQRFU\VWDOOLQHVDPSOH ܪଶ଴ ଵ଴ହ଴ଵ଴ IURP)LJXUHFWRLWVPLOOHG
QDQRFU\VWDOOLQHSUHFXUVRUܯଶ଴IURP)LJXUHDQGWKH+,3HGPLFURFU\VWDOOLQHVDPSOH ܪ଴ ଵ଴ହ଴ଵ଴ 




VXVFHSWLELOLW\ GDWD  6DPSOHV ܪଶ଴ ଽହ଴ଵ଴  DQG ܪଶ଴ ଵ଴ହ଴ଵ଴  VKRZQ LQ )LJXUH E DQG F KDYH VKDUS
VXSHUFRQGXFWLQJ WUDQVLWLRQV DQG WKH\PDLQWDLQPD[LPXPPDJQHWLF VFUHHQLQJ DW DOOPHDVXUHG
ILHOGVZKLFKLVLQGLFDWLYHRIJRRGTXDOLW\KRPRJHQHRXVPDWHULDO7KH+,3GZHOOWLPHIRUWKHVH
WZRVDPSOHVZDVWKHVDPHDQGWKHLU+,3GZHOOWHPSHUDWXUHVRQO\GLIIHUHGE\ԨDQGVRWKHLU
VLPLODULWLHV DUH QRW VXUSULVLQJ  6DPSOHV VKRZQ LQ )LJXUH D WKH +,3HG PLFURFU\VWDOOLQH
VDPSOHDQG)LJXUHGDQGHZKLFKDUHERWKWKHUHVXOWRIIDLOHG+,3WUHDWPHQWVWKHLUELOOHWV

)LJXUH   $&VXVFHSWLELOLW\ GDWD RI WKH WZHQW\KRXU PLOOHG QDQRFU\VWDOOLQH VDPSOHܯଶ଴







ZKLFK LV LQGLFDWLYHRIZLGHUGLVWULEXWLRQVRIYDU\LQJTXDOLW\PDWHULDO LH LQKRPRJHQHLW\ 7KHVH












:HDOVRQRWHWKHEHKDYLRXURIVDPSOH ܪଶ଴ ଵଵ଺ଷଵଶ଴ LQ)LJXUHILQZKLFKµWZRSKDVH¶EHKDYLRXULV
YLVLEOH7KHVWDQGDUGH[SODQDWLRQIRUWKHVHW\SHVRIGDWDVHWLVWKDWWKHVDPSOHLVFRPSULVHGRID






RI+,3LQJGZHOOWLPHWHPSHUDWXUHDQGSUHVVXUHIRUVDPSOH ܪଶ଴ ଵଵ଺ଷଵଶ଴ KDVSURGXFHGDFRPELQDWLRQ
RIPLFURFU\VWDOOLQHJUDLQVEXWWKDWDVXEVWDQWLDOSRUWLRQRIQDQRFU\VWDOOLQHJUDLQVVWLOOUHPDLQ+DG
WKHVDPSOHEHHQKRPRJHQHRXVZHZRXOGKDYHH[SHFWHGWKDWVDPSOH ܪଶ଴ ଵଵ଺ଷଵଶ଴ ZRXOGKDYHEHHQ
PXFKPRUHOLNHWKHPLFURFU\VWDOOLQHVDPSOH ܪ଴ ଵ଴ହ଴ଵ଴ )LJXUHDZLWKVKDUSHULQILHOGWUDQVLWLRQV










































ܯଶ଴ )LJXUH        
ܪଶ଴ ଽହ଴
ଵ଴  )LJXUHE a       
ܪଶ଴ ଵ଴ହ଴
ଵ଴  )LJXUHF a       
ܪଶ଴ ଵଵହ଴
ଵ଴  )LJXUHG a       
ܪଶ଴ ଵଵହ଴
ସ଴  )LJXUHH a       





     
ܪ଴ ଵ଴ହ଴






ܯଶ଴WKHQDQRFU\VWDOOLQH+,3HGVDPSOHV ܪଶ଴ ଽହ଴ଵ଴  ܪଶ଴ ଵ଴ହ଴ଵ଴  ܪଶ଴ ଵଵହ଴ଵ଴ DQG ܪଶ଴ ଵଵହ଴ସ଴ DQGWKH+,3HG




VDPSOH ܪଶ଴ ଵ଴ହ଴ଵ଴  WR LWV QDQRFU\VWDOOLQHPLOOHG SUHFXUVRUܯଶ଴ DQG WKH+,3HGPLFURFU\VWDOOLQH




WKHRWKHUJRRGVDPSOHV $VPDOO SUHVHQFHRIGLIIXVHJDVVHDOHGZLWKLQ WKHELOOHWPLJKWKDYH
FDXVHGLQKRPRJHQHLW\LQWKHGHQVLILFDWLRQE\LVRODWLQJODUJHFROOHFWLRQVRIQDQRFU\VWDOOLQHJUDLQV
IURP VPDOOHU SRFNHWV RI QDQRFU\VWDOOLQH JUDLQV WKHUHE\ OLPLWLQJ JUDLQ JURZWK ZLWKLQ WKHPXFK
VPDOOHUSRFNHWV +RZHYHU WKH H[DFW FDXVHRI WKHXQXVXDO VKRXOGHU LQ WKHGDWD LVGLIILFXOW WR
GHWHUPLQH ZLWKRXW DQ H[WHQGHG H[SHULPHQWDO VWXG\ DQG FXUUHQWO\ LW LV WKH SUHSDUDWLRQ RI WKLV






7KHKHDWFDSDFLW\RIWKHQDQRFU\VWDOOLQH+,3HGVDPSOH ܪଶ଴ ଵ଴ହ଴ଵ଴ ZDVPHDVXUHGXVLQJWKHVDPH
HTXLSPHQWDQGWHFKQLTXHVXVHGRQWKHPLFURFU\VWDOOLQHVDPSOHVGLVFXVVHGDERYH7KHGDWDDUH
SUHVHQWHGLQ)LJXUHLQWKHIRUPRI'HE\HSORWV7KLVILJXUHDOVRSURYLGHVFRPSDULVRQVWRWKH
PLFURFU\VWDOOLQH+,3HGVDPSOH ܪ଴ ଵ଴ହ଴ଵ଴ IRUHDFKRIWKHPHDVXUHGILHOGV7KH'HE\HWHPSHUDWXUH
DQG 6RPPHUIHOG FRQVWDQW IRU VDPSOH ܪଶ଴ ଵ଴ହ଴ଵ଴  ZHUH QRW REWDLQHG IURP WKHVH GDWD GXH WR WKH
SUHVHQFHRI DPDJQHWLF FRPSRQHQW ZKLFK LVPRVW OLNHO\ WR EH FREDOW FRQWDPLQDWLRQ IURP WKH
PLOOLQJPHGLD VHH&RQWDPLQDWLRQ0DQDJHPHQW LQVHFWLRQ LQ&KDSWHU 7KLVPDJQHWLF
FRPSRQHQWSUHVHQWVLWVHOIDVDPDJQHWLFILHOGGHSHQGHQWYHUWLFDOVKLIWYLVLEOHLQWKHQRUPDOVWDWH
GDWD  VHH WKH ERWWRP ULJKWKDQG LQVHW LQ )LJXUH  DQG DOVR DV XSWXUQV LQ WKH YHU\ ORZ
WHPSHUDWXUHVXSHUFRQGXFWLQJUHJLRQRIWKHGDWDVHHWKHWRSOHIWKDQGLQVHWLQ)LJXUH7KLV
EHOLHI LV IXUWKHUVXSSRUWHGE\ WKH IDFW WKHXQPLOOHGVDPSOH ܪ଴ ଵ଴ହ଴ଵ଴  LV IUHHRI WKHVHDGGLWLRQDO
FKDUDFWHULVWLFVLQWKHGDWD7KHHIIHFWVRIWKHPDJQHWLFFRQWDPLQDWLRQPDNHVLWH[WUHPHO\GLIILFXOW
WR REWDLQ UHOLDEOH YDOXHV RI WKH 'HE\H DQG 6RPPHUIHOG FRQVWDQWV ZKLFK ZHUH LQWHQGHG IRU








IRU WKH QDQRFU\VWDOOLQH +,3HG VDPSOH ܪଶ଴ ଵ଴ହ଴ଵ଴  LV VKRZQ DORQJVLGH WKHPLFURFU\VWDOOLQH +,3HG
VDPSOH ܪ଴ ଵ଴ହ଴ଵ଴ LQ)LJXUH7KHVHGDWDZHUHFROOHFWHGDQGDQDO\VHGXVLQJWKHVDPH%HDQ¶V
PRGHODQDO\VLVXVHGIRUWKHPLFURFU\VWDOOLQHVDPSOHVGLVFXVVHGLQVHFWLRQDERYH$W7
DQGDW.WKHܬ஼RIWKHQDQRFU\VWDOOLQHVDPSOH ܪଶ଴ ଵ଴ହ଴ଵ଴ LV[$P7KLVLVDOPRVWWZR
RUGHUV RIPDJQLWXGHJUHDWHU WKDQ WKH ܬ஼ RI WKH FRUUHVSRQGLQJ+,3HGPLFURFU\VWDOOLQH VDPSOH
ܪ଴ ଵ଴ହ଴
ଵ଴ DQGLVDIDFWRURIaJUHDWHUWKDQWKHPLFURFU\VWDOOLQHSUHFXUVRUVDPSOH6VHH7DEOH





)LJXUH'HE\HSORWRIWKH+,3HGVDPSOH ܪଶ଴ ଵ଴ହ଴ଵ଴ WRSLQDSSOLHGPDJQHWLFILHOGVWR7
7KHWRSOHIWKDQGLQVHWVKRZVWKHORZWHPSHUDWXUHXSWXUQVGXHWRWKHSUHVHQFHRIDPDJQHWLF
FRPSRQHQW  7KH ERWWRP ULJKWKDQG LQVHW VKRZV WKH XSZDUG VKLIW LQ WKH QRUPDO VWDWH KHDW
FDSDFLWLHVKHDWFDSDFLW\LQFUHDVHVZLWKILHOGGXHWRWKHPDJQHWLFFRPSRQHQW3ORWVDWRI
DUH FRPSDULVRQV EHWZHHQ WKH QDQRFU\VWDOOLQH VDPSOH ܪଶ଴ ଵ଴ହ଴ଵ଴  IURP WKH WRS SORW DQG WKH










LQ WKHFDVHRI WKH&KHYUHOSKDVHPDWHULDOV DOWKRXJK WKHUHZHUH ODUJH LQFUHDVHV LQ WKHXSSHU
FULWLFDOILHOGWKHLUUHYHUVLELOLW\ILHOGDQGܬ௖YDOXHVZHUHRQO\PDUJLQDOO\LPSURYHG,QWKHFDVHVRI
1EDQG1E6QWKHUHZHUHVLJQLILFDQWLQFUHDVHVLQܤ௖ଶIRU1EXSWR7DQGWKHSURSHUWLHVRIELQDU\
1E6QZHUH LPSURYHG WRQHDUO\ WKRVHRI WHUQDU\PDWHULDOEXW WKH UHODWLYH LPSURYHPHQWVZHUH
PRGHVW,QWKLVZRUNZHKDYHIRXQGDQXQSUHFHGHQWHGLQFUHDVHLQܤ௖ଶRIQHDUO\7HVOD7KLV
LPSURYHPHQWKDVEHHQYHULILHGXVLQJUHVLVWLYLW\DQGVXVFHSWLELOLW\PHDVXUHPHQWV)XUWKHUPRUH






EXWIRUVKRUWHU WLPHVWRNHHSWKHJUDLQVL]H ORZZLOOSUREDEO\ LPSURYHWKHTXDOLW\RI WKHJUDLQ
ERXQGDULHVOHDGLQJWRIXUWKHULQFUHDVHVLQܬ௖$GHWDLOHGXQGHUVWDQGLQJRIWKHXQGHUO\LQJVFLHQFH
WKDWOHDGVWR WKHLPSURYHPHQWV LQSURSHUWLHVZHKDYHIRXQGLVQRW\HWDYDLODEOH7KHOLWHUDWXUH
SURYLGHVD SODXVLEOH H[SODQDWLRQ WKDW IRU D KRPRJHQRXV VDPSOH WKH LQFUHDVHV LQܤ௖ଶ FDQEH

)LJXUH  &ULWLFDO FXUUHQW GHQVLW\ DV D IXQFWLRQ RI DSSOLHG PDJQHWLF ILHOG RI WKH
QDQRFU\VWDOOLQH VDPSOH ܪଶ଴ ଵ଴ହ଴ଵ଴  LQ WKH WHPSHUDWXUH UDQJH  WR  . DQG WKH
















PHDVXUHPHQW WHFKQLTXHV GHVLJQHG WR SUREH VSHFLILF QRUPDO VWDWH DQG VXSHUFRQGXFWLQJ
SURSHUWLHV  7KHVH SURSHUWLHV QDPHO\ UHVLVWLYLW\ ߩ௡ 'HE\H WHPSHUDWXUH ߠ஽ 6RPPHUIHOG
FRQVWDQWߛWUDQVLWLRQWHPSHUDWXUH ௖ܶFULWLFDOFXUUHQWGHQVLW\ܬ௖DQGXSSHUFULWLFDOPDJQHWLFILHOG
ܤ௖ଶ ZHUH UHTXLUHG WR SURYLGH D FRPSUHKHQVLYH NQRZOHGJH RI WKH VDPSOHV ZLWK D YLHZ WR
LGHQWLI\LQJDQGXQGHUVWDQGLQJWKHVDPSOHZLWKWKHPRVWHQKDQFHGܤ௖ଶDQGWKHUHE\HVWDEOLVKLQJ
WKHEHVWURXWHE\ZKLFKWKLVRSWLPLVHGPDWHULDOFDQEHIDEULFDWHG2XUGDWDKDYHVKRZQWKDWD
VXEVWDQWLDOLQFUHDVHLQܤ௖ଶKDGEHHQDFKLHYHGLQVDPSOH ܪଶ଴ ଽହ଴ଵ଴ ܤ௖ଶሺͲሻ ൎ ʹͲǤ͸DQLQFUHDVHRI
aZKLFKZDVDFFRPSDQLHGE\DPRGHVWUHGXFWLRQLQ ௖ܶVRWKDWDWWKHWHPSHUDWXUHRIOLTXLG




H[SHULPHQW DQG VXEVHTXHQW DQDO\VLV LV XQGRXEWHGO\ UHTXLUHG WR IXOO\ LGHQWLI\ WKH RSWLPXP
IDEULFDWLRQURXWHDQGZKDWPD[LPXPHQKDQFHPHQWVWRWKHPDWHULDO¶VVXSHUFRQGXFWLQJSURSHUWLHV
DUHSRVVLEOH+RZHYHUWKHFXUUHQWERG\RIZRUNKDVSURYLGHGDILUPIRXQGDWLRQXSRQZKLFKWKLV
H[WHQGHGZRUN FRXOG EHEDVHG  7KLV LQ FRQMXQFWLRQZLWK QLRELXPFDUERQLWULGH¶V UHVLOLHQFH WR
LUUDGLDWLRQGDPDJHLQFRPSDULVRQWRWKH$¶VVKRZVWKDWLWKDVWKHSRWHQWLDOWREHDQDOWHUQDWLYH
ORZWHPSHUDWXUHPDWHULDO IRU IXVLRQ WRNDPDN DSSOLFDWLRQV WKRXJK RI FRXUVH WKLV VWDWHPHQW LV
PDGH LQ WKH NQRZOHGJH WKDW WKHUH DUH D JUHDW QXPEHU RI WHFKQRORJLFDOHQJLQHHULQJILQDQFLDO
FKDOOHQJHV LQ JHWWLQJ D SRWHQWLDO FDQGLGDWH PDWHULDO IURP WKH ODERUDWRU\ LQWR D UHDOZRUOG
DSSOLFDWLRQ :LWKWKDWVDLGDQ LQFUHDVHLQXSSHUFULWLFDO ILHOGDQGD IRUW\IROG LQFUHDVH LQ
























SDUWLFXODU ,ZDVWKHILUVWSRLQWRIFRQWDFWIRUDOOQHZUHVXOWV LQWKH ODERUDWRU\HLWKHUEHFDXVH,
SHUIRUPHG WKHPHDVXUHPHQWVP\VHOI RU EHFDXVH , ZDV WKH OLQHPDQDJHU IRU WKH WHFKQLFLDQV
LQVWUXFWHGE\PHWRPDNHWKRVHPHDVXUHPHQWV,FRPSOHWHGDOOWKHDQDO\VLVRIWKHGDWDERWKIRU






'XULQJ WKH FRQWUDFW SHULRG WKHUH ZHUH VRPH µQRQWULYLDO¶ GLVDJUHHPHQWV ZLWK WKH VWUDQG











7KH GHYHORSPHQWV PDGH WR LPSURYH WKH DFFXUDF\ DQG SUDFWLFDOLW\ RI PDNLQJ ODUJH TXDQWLW\
PHDVXUHPHQWV DUH FRQVLGHUHG  7KHUH DUH VRPH FRPPHUFLDO FRQILGHQWLDOLW\ LVVXHV DERXW
SUHVHQWLQJDOO WKH GDWD EXW WKLV LVPDGH FOHDUZKHUH QHFHVVDU\  )RU HDFKPHDVXUHPHQWZH
GHVFULEH WKH ILQDOPHWKRGVDQG WKHDFFXUDF\DFKLHYHGE\'XUKDP WRPDNHKLJKTXDOLW\ ODUJH







GHOD\ WR WKH SURJUDPPH VFKHGXOH ZKHUH GHOD\V IURP RQH VXSSOLHU ZRXOG EH UHFWLILHG E\ DQ
LQFUHDVHGSURGXFWLRQIURPWKHRWKHU,QSDUDOOHOWRWKLVVXSSOLHUSURGXFWLRQDQGWRIXUWKHUUHGXFH
WKH ULVN WR WKHSURMHFW LWZDVGHFLGHGE\)( WKDW WKHVWUDQGVZRXOG QHHG WR VDWLVI\D VHWRI
VXSSOLHULQGHSHQGHQW YHULILFDWLRQ WHVWV VHH 7DEOH  WKDW ZRXOG GHWHUPLQH WKHLU TXDOLW\ DQG




















)( UHTXLUHG WKDW 'XUKDP KHDWWUHDW DOO WKH VDPSOHV HDUPDUNHG IRU WHVWLQJ DW FU\RJHQLF
WHPSHUDWXUHV:KLOH'XUKDPDOUHDG\KDGWKHWHFKQLFDOH[SHUWLVHDQGHTXLSPHQWWRSHUIRUPWKH
WHVWVWKHODUJHQXPEHURIVDPSOHVaLQWRWDOWKDWZRXOGEHJHQHUDWHGGXULQJWKHWHVWLQJ















EDUULHU WR VWRSPRELOH WLQ IURPUHDFKLQJ WKHFOHDQFRSSHU VWDELOLVHUGXULQJKHDWWUHDWPHQW WKH
FOHDQOLQHVVRIWKLVFRSSHUVWDELOLVHULVRISDUDPRXQWLPSRUWDQFH7KHPDLQIHDWXUHVWKDWDFWXDOO\
GLVWLQJXLVKHDFKDUFKLWHFWXUHUHVLGHXQGHU WKH WDQWDOXPEDUULHU  ,Q WKHFDVHRI WKH LQWHUQDO WLQ













$OO WKH VDPSOHV HDUPDUNHG IRU YHULILFDWLRQ WHVWLQJ ZHUH VHQW WR 'XUKDP LQ  EDWFKHV
GHOLYHUDEOHVRIIOH[LEOHVWUDQGIURPZKLFKWKUHHGLIIHUHQWVDPSOHJHRPHWULHVRQHIRUHDFKRIWKH













DFTXLUHG ZLWK WKH VFDQQLQJ HOHFWURQPLFURVFRSH LQ 'XUKDP VKRZLQJ WKH SUHKHDWWUHDWHG
DUFKLWHFWXUHVRIWKHWZRW\SHVRI1E6QVWUDQGEHLQJXVHGLQWKHWRURLGDOILHOG&,&&V7KHPDLQ
GLIIHUHQFHEHWZHHQERWKDUFKLWHFWXUHVLVWKHZD\WKHWLQFRQWHQWLVFRQWDLQHG,QWKHFDVHRI




























































































WKHUPRFRXSOHV ZHUH ZLWKLQ WKHPDQXIDFWXUHU¶V WROHUDQFH EXW WR DOVR HVWDEOLVK KRZ ZHOO WKH\
































WKH .DQWKDO WXEH DQG NQLIHHGJH VHDO VL[ IXUQDFHV ZHUH GHGLFDWHG WR FULWLFDO FXUUHQW DQG
K\VWHUHVLVORVVKHDWWUHDWPHQWVDQGRQHIXUQDFHZDVXVHGIRUR[LGLVDWLRQRIWKHWLWDQLXPFULWLFDO
FXUUHQWEDUUHOV$WDQ\SDUWLFXODUWLPHRQH555IXUQDFHDQGWZRFULWLFDOFXUUHQWIXUQDFHVZHUH





FRSSHU WXEH RI D IXUQDFH DQG LWV RSHQ HQGV ZHUH SDUWLDOO\ EORFNHG ZLWK FUXPSOHG VKHHWV RI
]LUFRQLXP IRLO WKDW DFWHG DV R[\JHQ JHWWHUV >@  2QFH D ULJ ZDV VLWHG ZLWKLQ LWV UHVSHFWLYH
IXUQDFHDQGWKHHQGVRIWKHVDPSOHWXEHVHDOHGWKHIXUQDFHZRXOGEHSXPSHGDQGIOXVKHGZLWK
3XUHVKLHOGDUJRQDPLQLPXPRIWKUHHWLPHVEHIRUHDILQDOVORZDUJRQIORZUDWHZDVVHW7KH
IORZ UDWHZDV VHW E\ DGMXVWLQJ DQH[KDXVW YDOYH XQWLO DSSUR[LPDWHO\ RQHEXEEOH SHU VHFRQG
IORZHG WKURXJK WKH H[KDXVW EXEEOHU  7KH UHVSHFWLYH KHDWWUHDWPHQW SURJUDP ZRXOG WKHQ EH
LQLWLDWHGYLD WKH IXUQDFH¶VPDVWHUFRQWUROOHU 'XULQJDOOKHDWWUHDWPHQWV WKH WKUHH LQGHSHQGHQW







































QDQRDPSOLILHUV ZDV FDOLEUDWHG WR DQ DFFXUDF\ RI IRXU SDUWV LQ  XVLQJ FDOLEUDWHG .HLWKOH\


























FDQ EH DFFRPPRGDWHG E\ WKH NLQGV RI VXSHUFRQGXFWLQJPDJQHW IRXQG LQ VSHFLDOLVW UHVHDUFK
ODERUDWRULHVOLNH'XUKDP7KHVDPSOHFRLOLVZRXQGDURXQGDGHGLFDWHGF\OLQGHURUEDUUHOWKDW
SHUIRUPVDQXPEHURILPSRUWDQWUROHV)RULQVWDQFHLWPXVWVXSSRUWWKHVDPSOHLQH[WUHPHVRI
WHPSHUDWXUH IURP WKHPD[LPXP KHDWWUHDWPHQW WHPSHUDWXUH RI Ԩ GRZQ WR WKDW RI OLTXLG
KHOLXP,WPXVWDOVRVXSSRUWWKHVDPSOHDJDLQVWWKH/RUHQW]IRUFHVWKDWDUHJHQHUDWHGGXULQJWKH




RI WKH VWDQGDUG EDUUHOV XVHG E\ ,7(5 ZHUH LQVXIILFLHQWO\ UREXVW IRU XVH WKURXJK WKH 'XUKDP
V\VWHP :H WKHUHIRUHPDGH WZR LPSURYHPHQWVZH FKDQJHG WKHZD\ WKH FRSSHU ULQJVZHUH








WKUHDGHG VHH)LJXUHF 7KLVVFUHZ WKUHDGVWRSSHGDQ\ UHODWLYH ORQJLWXGLQDODQG ODWHUDO











ERXQGDU\EHWZHHQWKHHQGULQJVDQG WKHFHQWUDO WLWDQLXPF\OLQGHUPLJKWQRWEHH[DFWO\ OHYHO
PD\EHGXHWRSRRUPDQXIDFWXULQJ([WHQGLQJWKHJURRYHRYHUWKLVERXQGDU\DQGHQVXULQJWKDW






WKH VDPSOH VWLFNLQJ GXULQJ KHDWWUHDWPHQW EHIRUH EHLQJ UHDVVHPEOHG  7KH GLVDVVHPEO\ DQG

)LJXUH   &RPSDULVRQ EHWZHHQ WKH VWDQGDUG ,7(5 GHVLJQ FULWLFDO FXUUHQW EDUUHO DQG





























































GD\DQGZKHQQHHGHG WKLVFRXOGEH LQFUHDVHGWR IRXU 'XUKDPUHJXODUO\PHDVXUHGXS WR
VDPSOHVSHUZHHNZLWKWKHSRWHQWLDOIRUWKLVWREHLQFUHDVHGWR7KHVDPSOHPRXQWLQJDVVHPEO\
DW WKHHQGVRIHDFKSUREHZDVGHVLJQHGWRDFFRPPRGDWH WKUHHRU OHVVEDUUHOVE\SK\VLFDOO\
FODPSLQJWKHPWRJHWKHUDQGUHO\LQJRQ WKHSUHVVHGFRSSHUFRQWDFWEHWZHHQWKHLUFOHDQFURVV






DUHDZDVSROLVKHGZLWKILQHJULW(PHU\SDSHUWR LQFUHDVHFRQWDFWTXDOLW\7KHHQGRI WKH WKUHH
EDUUHOVZDVFODPSHGZLWKDFRSSHUQXWDQGFRQWDFWVSDFHUWRDFHQWUDOVKDIWWKDWDFWHGDVWKH
QHJDWLYHUHWXUQSDWKVHH)LJXUHFGDQGH7KHHQGFODPSWKHUHIRUHPDGHWKHHOHFWULFDO







E\UXQQLQJ WKHSUREHVKRWWHU 7KHSUREHVZHUH WKHUHIRUH UHILWWHGZLWKQHZ µKRW¶EUDVVFXUUHQW










7KURXJKRXW WKH FRQWUDFW SHULRG DSSUR[LPDWHO\  FULWLFDO FXUUHQW PHDVXUHPHQWV ZHUH
SHUIRUPHGLQWRWDO)LJXUHVKRZVW\SLFDOGDWDDW.DQG7IRUERWKVWUDQGDUFKLWHFWXUHV
DQGQRUPDOLVHGWRWKHPHDQWHVWUHVXOWVIRUWKHFRPSOHWHVHWRIVDPSOHVQRWLQFOXGLQJDGGLWLRQDO
PHDVXUHPHQWV UHTXHVWHG E\ )( 7KH FDOFXODWHG LQVWUXPHQWDO XQFHUWDLQW\ LQ 'XUKDP¶V







































GHSHQGHQW  :H KDYH FDOFXODWHG WKH VWDQGDUG GHYLDWLRQ RI WKH ZKROH GDWDVHW DQG WKHQ WKH
VWDQGDUGGHYLDWLRQZLWKUHVSHFWWRDQDGMDFHQWPRYLQJDYHUDJHDPDVPRRWKLQJSURFHGXUH7KLV






YDULDWLRQVDOORZLQJD ORFDOLVHG VSUHDGRI WKHGDWD WR EH YLVXDOLVHGDQGDPRUH UHSUHVHQWDWLYH
VWDQGDUGGHYLDWLRQ WREHFDOFXODWHG 7KLV ORFDOVWDQGDUGGHYLDWLRQ LVVKRZQ LQ)LJXUHDV
GDVKHGUHGFXUYHV7KHVDPHDQDO\VLVZDVDOVRDSSOLHGWRWKHQYDOXHVZKLFKDUHSORWWHG LQ







6RPH GDWD FRPSDULVRQV EHWZHHQ 'XUKDP DQRWKHU (XURSHDQ ODERUDWRU\ /DE $ DQG WKH












































VSUHDG LQ WKH GDWD IRU WKH LQWHUQDO WLQ PHDVXUHPHQWV LV   DQG IRU WKH EURQ]H URXWH
PHDVXUHPHQWVLWLV
D E






























SUDFWLFDO WR FDOFXODWH WKH YROXPH RI HDFK LQGLYLGXDO VDPSOH IURP GLUHFW GLPHQVLRQDO
PHDVXUHPHQWVVRWKHYROXPHZDVREWDLQHGIURPWKHPDVVRIWKHVDPSOHDQGDQDYHUDJHSRVW






'XULQJ KHDWWUHDWPHQW HOHPHQWDO QLRELXP DQG WLQ DUH FRQYHUWHG LQWR 1E6Q DQG ODUJH YRLGV











WKHQ KHDWWUHDWHG LQ DFFRUGDQFHZLWK WKH LQWHUQDO WLQ VFKHGXOH  $IWHU KHDWWUHDWPHQW FORVHXS
SKRWRJUDSKV RI WKH VFRUH OLQHV ZHUH WDNHQ DQG 3KRWRVKRS ZDV XVHG WR PHDVXUH WKH
GLVSODFHPHQWVVHHGLQ)LJXUHFEHWZHHQWKHVFRUHOLQHVRQWKHVWUDQGVDQGWKRVHLQWKH
RULJLQDO ORFDWLRQVRQ WKHFRSSHUEDVHSODWH 7KHDYHUDJHHORQJDWLRQZDV IRXQG WREH 















7KH H[SHULPHQWDO SURFHGXUH IRU PHDVXULQJ WKH FKDQJH RI GLDPHWHU FRQVLVWHG RI SHUIRUPLQJ
GLDPHWHU PHDVXUHPHQWV DW PXOWLSOH FLUFXPIHUHQWLDO ORFDWLRQV DQG DW GLIIHUHQW SRVLWLRQV DORQJ
PPOHQJWKVRIVWUDQGIURPERWKDUFKLWHFWXUHVWRREWDLQDUHSUHVHQWDWLYHDYHUDJHGLDPHWHU
RIHDFKVWUDQG7KHOHQJWKVDQGPDVVHVRIHDFKVDPSOHZHUHDOVRPHDVXUHGEHIRUHVHSDUDWHO\
KHDWWUHDWLQJ HDFK VWUDQG DUFKLWHFWXUH XVLQJ LWV VSHFLILF WHPSHUDWXUH SURJUDPPH  $IWHU KHDW
WUHDWPHQWWKHGLDPHWHUVRIWKHVWUDQGVZHUHUHPHDVXUHG)LJXUHVKRZVWKHSUHDQGSRVW
KHDWWUHDWPHQWGLDPHWHUV )RU WKH LQWHUQDO WLQVWUDQGVWKHUHZDVD LQFUHDVH LQ
VWUDQGGLDPHWHUDIWHUKHDWWUHDWPHQWDQGIRUWKHEURQ]HURXWHWKHLQFUHDVHZDVMXVW
7KHVHGDWDLQFRQMXQFWLRQZLWKWKHSUHKHDWWUHDWHGVDPSOHGLPHQVLRQVDQGPDVVHVZHUHXVHG









IXUQDFHVXVLQJD555KHDWWUHDWPHQW ULJ WRVWRS WKH LQWURGXFWLRQRIFRQWDPLQDWLRQ 7KHKHDW
WUHDWHGVDPSOHVZHUHWKHQPHDVXUHGLQWKHXVXDOZD\XVLQJWKH33067KHGDWDLVVKRZQLQ
)LJXUHDQG7DEOH$QRYHUYLHZRIWKHUHVXOWVLVVKRZQLQ)LJXUHDZKHUHLWFDQEH
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D E
 
)LJXUH   'LIIHUHQFH LQ K\VWHUHVLV ORVVHV EHWZHHQ LQWHUQDO WLQ FRLOV KHDWWUHDWHG LQ WKH
VWDQGDUGZD\UHGHQFLUFOHG\HOORZV\PEROVLHLQRQHRIWKH,FIXUQDFHVDORQJVLGH,FVDPSOHV
DQGLQDKLJKSXULW\555IXUQDFHRQWKHLURZQJUHHQV\PEROV7KHOHIWKDQGSORWVKRZVWKH

































KHUHZDV WKDW WRXFKLQJ WXUQVPLJKWSURYLGHFRQGXFWLYHFXUUHQWSDWKV WKURXJKZKLFKDGGLWLRQDO
FXUUHQWORRSVPLJKWIORZDQGFKDQJHWKHFRXSOLQJORVVHV$SKRWRRIWKHVDPSOHZLWKLWVWXUQV
LQVXODWHGLVVKRZQLQ)LJXUHEDQGWKHPHDVXUHPHQWGDWDDUHVKRZQLQ)LJXUHF%RWK










2YHU WKHFRQWUDFWSHULRGDSSUR[LPDWHO\K\VWHUHVLV ORVVPHDVXUHPHQWVZHUHSHUIRUPHG LQ
WRWDO )LJXUHDVKRZVD W\SLFDO GDWDVHWDQG)LJXUHEVKRZV WKHQRUPDOLVHG WR WKH
PHDQ WHVW UHVXOWVIRU WKHFRPSOHWHVHWRIVDPSOHVIRUERWKVWUDQGDUFKLWHFWXUHVQRW LQFOXGLQJ
DGGLWLRQDOPHDVXUHPHQWVUHTXHVWHGE\)(7KHUHDUHWKUHHDVSHFWVWRWKHPHDVXUHPHQWDQG










)LJXUH F DQG )LJXUH G VKRZ WKH K\VWHUHVLV ORVV WHVW UHVXOWV IRU HDFK DUFKLWHFWXUH






















WKHEODFNGRWWHG OLQH LV WKHJOREDOPHDQ 7KH UHGGDVKHGFXUYHV UHSUHVHQWRQHVWDQGDUG
GHYLDWLRQIURPWKHDPD7KHVSUHDGLQWKHGDWD LVPRUHFOHDUO\VKRZQ LQSORWVHDQGIIRU
LQWHUQDO WLQ DQG EURQ]H URXWH UHVSHFWLYHO\ ZKHUH WKH DPD KDV EHHQ VXEWUDFWHG IURP WKH






EXWPXFKPRUHSURQRXQFHGVLWXDWLRQH[LVWVZLWK WKHEURQ]H URXWHVDPSOHV $FRPSDULVRQRI
)LJXUHEDQG)LJXUHGJRHVVRPHZD\WRKLJKOLJKWWKHGLIIHUHQFHV2IFRXUVHWKHORVVHV
DVVRFLDWHGZLWKDFRPSRVLWHPDWHULDODUHPRUHFRPSOLFDWHGWKDQDEXONVXSHUFRQGXFWRUGXHWR
DGGLWLRQDO FRQWULEXWLRQV IURP LQGXFHG HGG\ FXUUHQWV ZLWKLQ WKH PDWUL[ DQG EHWZHHQ ILODPHQWV
WKURXJKWKHPDWUL[EXWWKHVHDGGLWLRQDOFRQWULEXWLRQVDUHIUHTXHQF\GHSHQGHQWDQGVRDWWKHYHU\
VORZVZHHS UDWHXVHG P7V WKHVXSHUFRQGXFWLQJK\VWHUHVLV VKRXOG EH WKHPRVWGRPLQDQW
FRQWULEXWRU6RWKHGLVVLPLODULW\EHWZHHQFULWLFDOFXUUHQWDQGK\VWHUHVLVORVVHVKHUHFRXOGEHD
FRQVHTXHQFH RI PRUSKRORJ\  7KHUH LV D ZLGH GLVWULEXWLRQ RI JUDLQ VL]HV FRPSRVLWLRQV DQG
FRQQHFWHGQHVVZLWKLQ1E6QVWUDQGVWKDWDUHWKHSURGXFWRIWKHKHDWWUHDWPHQW >@ZKLFK LV
GHVLJQHGWRRSWLPLVHWKHPDWHULDOIRUDSSOLFDWLRQV,WLVWKHUHIRUHOLNHO\WKDWWKHZLGHUGLVWULEXWLRQ










WLQGDWDVHW WRVRPHH[WHQWZKLFK LVFOHDUO\QRW WKHFDVH 7KLVGHGXFWLRQ LVVXSSRUWHGE\ WKH







6RPH VPDOO TXDQWLW\PHDVXUHPHQW FRPSDULVRQVZHUH RUJDQLVHG EHWZHHQ 'XUKDP DQG RWKHU
ODERUDWRULHVZKHUHHDFKODEKHDWWUHDWHGDQGPHDVXUHGWKHLURZQVDPSOHV7KHGDWDRIRQHVXFK
FRPSDULVRQLVSURYLGHGLQ)LJXUHDZKHUHWKHGLIIHUHQFHEHWZHHQWKHDYHUDJHVZDVa











$IXUWKHU WZRH[SHULPHQWV LQZKLFKRQHEDWFKRI WHQVDPSOHVZDVSUHSDUHGDQGKHDW
WUHDWHGE\'XUKDPDQGDQRWKHUVHWRI WHQVDPSOHV IURP WKHVDPHEDWFKZHUHSUHSDUHGDQG
KHDWWUHDWHGE\/DE%ZDVSHUIRUPHG%RWKVHWVRIKHDWWUHDWHGVDPSOHVZHUHWKHQVHTXHQWLDOO\
PHDVXUHGE\'XUKDPDQG1,677KHDJUHHPHQWLQWKHPHDVXUHPHQWUHVXOWVIRUHDFKVDPSOH














PHDVXUHG E\ /DE $ E /DUJHU VDPSOH VHW FRPSDULVRQ EHWZHHQ'XUKDP DQG /DE % F $
FRPSDULVRQEHWZHHQ'XUKDP/DE$DQG/DE%RQDVXEVHWRIVDPSOHVIURPEG&RPSDULVRQ












































DQGQDQRDPSOLILHUV 0HDVXUHPHQW FRQVLVWHQF\ZDV HQVXUHGE\ JLYLQJXS RQH RI WKH VDPSOH
SRVLWLRQVWRD³VWDQGDUG´VDPSOHRI1E7LZLWKD555RI)XUWKHUFRQVLVWHQF\FKHFNVZHUH
SHULRGLFDOO\ SHUIRUPHG E\ PDNLQJ PXOWLSOH PHDVXUHPHQWV RQ D VHW RI VDPSOHV LQ GLIIHUHQW
SRVLWLRQDOFRQILJXUDWLRQV$VXLWHRIVL[555SUREHVDOORZHGDFRQVWDQWPHDVXUHPHQWWKURXJKSXW
RI WZR WR WKUHH SUREHV SHU GD\ JLYLQJ D SRWHQWLDO PHDVXUHPHQW FDSDFLW\ RI  VDPSOH
PHDVXUHPHQWV SHU ZHHN H[FOXGLQJ VWDQGDUG VDPSOHV  7KH PHDVXUHPHQW PHWKRGRORJ\ LV
GLVFXVVHGEHORZ 7KH UHVXOWVRIDVPDOOH[SHULPHQW WRGHWHUPLQH WKHHIIHFWRQ555RIKHDW







































,Q WKLV UHJDUGVDPSOHVDQGZHUHSXUSRVHO\VHOHFWHGEHFDXVH WKH\ZHUHERWKEHORZ WKH
DFFHSWDQFHFULWHULD +RZHYHU WKHLU UHGXFWLRQVDUHQRW WRRGLVVLPLODU IURP WKHDYHUDJHZKLFK
VKRZV WKH\ GRQRW VHHP WR EHDQ\PRUH VHQVLWLYH WR GHFUHDVHG SXULW\ WKDQDQ\RI WKHRWKHU
















VWDELOLW\ XQLIRUPLW\ RI WHPSHUDWXUH DORQJ WKH VDPSOH SODWIRUP VHH)LJXUH H DQGJ DQG
LQVWUXPHQWDOHUURUV7KHXQFHUWDLQW\LQWKHWHPSHUDWXUHVHWSRLQWRIWKH3306DW.LV
DQGDW.LWLV7KHHIIHFWRIGHYLDWLRQVLQWHPSHUDWXUHIURPWKHVHWSRLQWWRWKHUHVLVWLYLW\
RI WKH FRSSHU DW  . LV a   SHU .HOYLQ DQG WKDW DW  . LV a   SHU .  7KHVH




























































     
     
     
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     
     
     
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     
     






























'DWD FRPSDULVRQV EHWZHHQ 'XUKDP DQG D QXPEHU RI RWKHU ODERUDWRULHV ZHUH FRQGXFWHG DW
YDULRXV RFFDVLRQV WKURXJKRXW WKH FRQWUDFW SHULRG  7KHVH FKHFNV ZHUH XVXDOO\ LQLWLDWHG E\
FRQWUDGLFWLRQVEHWZHHQ'XUKDP¶VWHVWUHVXOWVDQGWKRVHRIDPDQXIDFWXUHUDQGLQFOXGHGQRWRQO\
WHVWLQJ'XUKDP¶VPHDVXUHPHQWDFFXUDF\EXWDOVR'XUKDP¶VKHDWWUHDWPHQWTXDOLW\,QDOOWHVWV






JDV SXULW\  $GGLWLRQDOO\ D EOLQG FURVV FKHFN EHWZHHQ 'XUKDP &(51 DQG WZR LQGHSHQGHQW
ODERUDWRULHV/DE$DQG/DE%ZDVSHUIRUPHG7KLVFRQVLVWHGRIWHQVDPSOHVEHLQJKHDWWUHDWHG











ORQJ 7KLVPHDQVWKDW LQKRPRJHQHLW\ LQWKHVWUDQGVGXHWRWKHPDQXIDFWXULQJSURFHVVFRXOG
KDYHDPRUHSURQRXQFHGHIIHFWRQ'XUKDP¶VPHDVXUHPHQWUHVXOWVWKDQWKRVHODERUDWRULHVZKR










OHQJWKV WKDW ZHUH IRXU WR ILYH WLPHV WKH OHQJWK RI 'XUKDP¶V  $OVR WKHUH DUH SURIRXQG





)LJXUH  555 WHVW UHVXOWV QRUPDOLVHG WR WKHPHDQ IRU DOO WKH VDPSOHVPHDVXUHGE\
'XUKDPIRUDLQWHUQDOWLQDQGEEURQ]HURXWHVWUDQGV7KHEOXHFXUYHVDUHDGMDFHQWPRYLQJ
DYHUDJHDPDILWVWRWKHGDWDDQGWKHUHGGDVKHGFXUYHVUHSUHVHQWRQHVWDQGDUGGHYLDWLRQ







WKDW UHYHDOHG WKHLU KHDWWUHDWPHQWVZHUHSHUIRUPHG LQ IORZLQJ QLWURJHQ DV RSSRVHG WRDUJRQ
'XUKDPKDVEHHQLQVWUXFWHGE\)(WRXVHDUJRQIRUDOOKHDWWUHDWPHQWVVLQFHWKLVLQHUWJDVZDV
WREHXVHGLQKHDWWUHDWLQJWKH7)FRLOVIRUWKH,7(5WRNDPDN,QWHUHVWLQJO\IXUWKHUWHVWVE\/DE
% VKRZHG WKDW WKH XVH RI QLWURJHQ FRQVLVWHQWO\ SURGXFHG VLJQLILFDQWO\ KLJKHU 555 YDOXHV ±
SRVVLEO\ EHFDXVH QLWURJHQ ELQGV WR HOHFWURQLF VFDWWHULQJ VLWHV  :KHQ DUJRQ ZDV XVHG WKH































UHSHDWDELOLW\ RI  P  7KHUH DUH LQ SULQFLSOH WKUHH GRPLQDQW FRQWULEXWLQJ VRXUFHV WR WKH
XQFHUWDLQWLHV LQ SHUIRUPLQJ WKHGLDPHWHUPHDVXUHPHQWV  7KH\DUH WKH LQKRPRJHQHLW\ LQ WKH




DUH VWUDLJKW DQG VHDWHG FRUUHFWO\  :H FRQFOXGH WKDW WKHVH VRXUFHV RI HUURU DUH EHORZ WKH
VHQVLWLYLW\RIRXULQVWUXPHQWWKHFDOLEUDWLRQRIZKLFKZDVSHULRGLFDOO\FKHFNHGE\PHDVXULQJIRXU






















































WKH WLPH LVVXH :H WKHUHIRUHDGRSWHGD GLIIHUHQWPHWKRG WKDW FRXOGEHFRPSOHWHG LQ DPRUH
HIILFLHQWZD\7KLVHQWDLOHGFOHDQLQJPPORQJVDPSOHVZLWKDFHWRQHWRUHPRYHDQ\VXUIDFH
JUHDVHGLUW7KHLUPDVVHVZHUHWKHQPHDVXUHGIRXUWLPHVDQGDQDYHUDJHWDNHQ7KHFKURPLXP
SODWLQJ ZDV WKHQ UHPRYHG E\ HWFKLQJ ZLWK GLOXWH K\GURFKORULF DFLG DQG DQRWKHU IRXU PDVV






















ZHOODV WKHXQFHUWDLQW\ LQ WKHVWDQGDUGYDOXHRI WKHGHQVLW\RIFKURPLXP  7KHPRVW











































RYHUDVWUDQG¶V OHQJWKDQGVRVRPHYDULDELOLW\ LQFRPSDULVRQV LV WREHH[SHFWHGDOWKRXJKWKH
H[DFWFRQWULEXWLRQIURPWKLVYDULDELOLW\WRWKLVVPDOOVFDOHFRPSDULVRQLVQRWNQRZQ/DE$¶VGDWD
































7KLV PHDVXUHPHQW LV UHDVRQDEO\ VLPSOH WR SHUIRUP DQG EHFDXVH RI WKH WROHUDQFH RI WKH
DFFHSWDQFHFULWHULDZKLFKRQO\UHTXLUHGDQHVWLPDWHRIWKHWZLVWSLWFKWRZLWKLQZHGLGQRW
ZRUN WR LPSURYH WKH XQFHUWDLQW\ RQ WKLV VWUDLJKWIRUZDUG PHDVXUHPHQW  :H HVWLPDWH WKH
































7KH FRSSHU WR QRQFRSSHU UDWLR ZDVPHDVXUHG E\ ILUVW DFTXLULQJ FURVVVHFWLRQ LPDJHV RI WKH
VDPSOHV XVLQJ WKH+LWDFKL 68 )(*6(0 LQ WKH 'XUKDP0LFURVFRS\ 8QLW ZKLFK SURYLGHV
PDJQLILFDWLRQVIURP[XSWR[7KHXVXDOSUDFWLFHLVWRPRXQWDVLQJOHVDPSOHRUPD\EH























7KHHOHFWURQPLFURVFRSHV LQ'XUKDPDUHSDUWRID0 LQYHVWPHQWPDGHE\ WKH8QLYHUVLW\ LQ
DURXQG7KH6(0ZHXVH LVDZRUOGFODVVSLHFHRIHTXLSPHQWZLWKVXSHUEUHOLDELOLW\DQG




































































PHDVXUHPHQWV ZHUH VXEMHFWHG WR WKURXJKRXW WKH FRQWUDFW SHULRG ZDV RI FRXUVH SHUIHFWO\
UHDVRQDEOHDQGFRUUHFWEXWRQHYHU\RFFDVLRQIDXOWFRXOGQRWEHIRXQGZLWK'XUKDP¶VUHVXOWV




'XULQJ WKHFRQWUDFWSHULRGZHHVWDEOLVKHGVXFFHVVIXODQG UHOLDEOHPHWKRGV IRUKDQGOLQJKHDW
WUHDWLQJ DQG PHDVXULQJ ODUJH VDPSOH TXDQWLWLHV  )RU WKH FULWLFDO FXUUHQW PHDVXUHPHQWV ZH
LPSURYHGGDWDDFTXLVLWLRQE\VWUDSSLQJWKHVDPSOHVZLWK<%&2WDSHWRLQFUHDVH(ILHOGVGXULQJ
WKHWUDQVLWLRQWKDWDOORZHGPRUHDFFXUDWHPHDVXUHPHQWVRIQYDOXHWREHGHWHUPLQHG:HDOVR
HVWDEOLVKHG WKHGHJUHH WRZKLFKDVDPSOH¶V FULWLFDO FXUUHQWZRXOGEHHIIHFWHGE\ WHPSHUDWXUH
GHYLDWLRQV IURP WKH VSHFLILHG XSSHU KHDWWUHDWPHQW SODWHDX DQG LQFOXGHG WKLV DQDO\VLV LQ RXU
HVWLPDWHRI WKHWRWDOXQFHUWDLQW\ LQWKH WHVWUHVXOWV )RU WKHK\VWHUHVLV ORVVPHDVXUHPHQWVZH








DZD\ IURPEHVWSUDFWLFH 7KHGHJUHH WRZKLFKZHVXEMHFWHG WKH FU\RJHQLFPHDVXUHPHQWV WR








FOHDQ FRSSHU VWDELOLVHU QDWXUDOO\ SUHVHQWV JUHDW WHFKQRORJLFDO SUREOHPV LQ FRPSRVLWH VWUDQGV
ZKHUHWKHPHWKRGQHHGHGWRSURFHVVWKHVXSHUFRQGXFWLQJYROXPHQDPHO\KHDWWUHDWPHQWFDQ
















7KHZRUNGLVFXVVHG LQ WKLV WKHVLVKDVEHHQFRQFHUQHGZLWK WKH IDEULFDWLRQDQGSURFHVVLQJRI
QDQRFU\VWDOOLQHQLRELXPFDUERQLWULGHDQGWKHPHWURORJ\RIDODUJHQXPEHURI1E6QVDPSOHVIRU












PDJQHWLVDWLRQPHDVXUHPHQWV WRPRUH IXOO\FRPSOHWH WKHQDQRFU\VWDOOLQHFKDUDFWHULVDWLRQ:H











DQ LQFUHDVHG DELOLW\ WR SUHGLFW WKRVH PDWHULDOV WKDW PLJKW EHQHILW WKH PRVW IURP EHLQJ PDGH







DOVR EUXWLVK ZD\V RIPDQLSXODWLQJPDWHULDO  7KH\ GR QRW SURYLGH WKHPHDQV E\ ZKLFK JUDLQ
ERXQGDULHVWKHPVHOYHVFRXOGEHGHOLFDWHO\HQJLQHHUHGIRUH[DPSOH 7KLVNLQGRIHQJLQHHULQJ
ZRXOGEHRIEHQHILWQRWRQO\RUQHFHVVDULO\WRLQFUHDVHRUFRQWUROIOX[SLQQLQJEXWDOVRWRRSWLPLVH
LQWHUJUDQXODU FXUUHQW SDWKV  ,W PLJKW EH SRVVLEOH WR DXJPHQW PLOOLQJ DQG +,3LQJ ZLWK RWKHU
WHFKQRORJLHVWKDWIDFLOLWDWHILQHUFRQWURORYHUJUDLQERXQGDULHV)RUH[DPSOHLWPLJKWEHSRVVLEOH
WR +,3 D PLOOHG PDWHULDO ZKLOH VLPXOWDQHRXVO\ DJLWDWLQJ LW ZLWK XOWUDVRQLF ZDYHV WR UHGXFH
LQWHUJUDQXODUSRUHVWKDWZRXOGOHDGWRPRUHFRPSDFWHGVDPSOHV7KHIUHTXHQF\RIWKHXOWUDVRQLF
ZDYHVFRXOGEHDGMXVWHGWRWDUJHWWKHPXFKVPDOOHUDPRUSKRXVPDWHULDOWKDWUHVLGHVZLWKLQWKH
JUDLQ ERXQGDULHV FDXVLQJ LW WR EHPRUH HYHQO\ GLVWULEXWHG SRVVLEO\ OHDGLQJ WR D UHGXFWLRQ LQ
DYHUDJH JUDLQ VHSDUDWLRQ DQG FOHDQHU JUDLQ ERXQGDULHV ZLWKRXW H[FHVVLYHO\ UHGXFLQJ SLQQLQJ
VLWHV2IFRXUVHWKHPLOOLQJDQG+,3LQJSDUDPHWHUVZRXOGQHHGWREHDGMXVWHGWRIDFLOLWDWHWKLV
PRUHWDUJHWHGIRUPRIJUDLQERXQGDU\HQJLQHHULQJ,WPLJKWHYHQEHWKDWWKHXOWUDVRQLFWUHDWPHQW







KDV SURYLGHG XV ZLWK WKH RSSRUWXQLW\ WR FRQGXFW RYHU  KHDWWUHDWPHQWV DQG 
PHDVXUHPHQWV  7KLV OHYHO RI H[SHULHQFH LV D VSHFLDOLVW FRPPRGLW\ WKDW KDV VR IDU ODUJHO\











FRPPXQLW\DERXWVRPHRI WKHYHU\ LPSRUWDQWFKDUDFWHULVWLFVRI WKHZRUNKRUVHVXSHUFRQGXFWRU




VXLWDEOH VSHFLILFDWLRQ SDUDPHWHUV IRU HQJLQHHULQJ DSSOLFDWLRQV LQ WKH IXWXUH ,Q OLJKW RI WKLVZH
&RQFOXGLQJFRPPHQWVDQGIXWXUHZRUN  

ZRXOG OLNH WR SXEOLVK D FRPSUHKHQVLYH LPSRUWDQW DQG LQIOXHQWLDO SDSHU WKDW GHILQHV LQ RQH
SXEOLFDWLRQ D EHQFKPDUN PHWKRGRORJ\ IRU KDQGOLQJ SURFHVVLQJ DQG SHUIRUPLQJ WKH NLQGV RI
PHDVXUHPHQWZHKDYHSHUIRUPHG7KHNLQGVRIPHDVXUHPHQWWKDWDUHLQIDFWQRWVSHFLILFWRDQ\









>@ ,QWHUQDWLRQDO (QHUJ\ $JHQF\  8QLWHG .LQJGRP (OHFWULFLW\ DQG +HDW IRU 
KWWSZZZLHDRUJVWDWLVWLFVVWDWLVWLFVVHDUFKUHSRUW"\HDU 	FRXQWU\ 8.	SURGXFW (
OHFWULFLW\DQG+HDW
>@ & 3 3RROH + $ )DUDFK DQG 5 - &UHVZLFN *LQ]EXUJ/DQGDX 7KHRU\ LQ
6XSHUFRQGXFWLYLW\6DQ'LHJR&DOLIRUQLD$FDGHPLF3UHVV,QFSS
>@ 9 / *LQ]EXUJ DQG / ' /DQGDX 2Q WKH 7KHRU\ RI 6XSHUFRQGXFWLYLW\ =KXUQDO
(NVSHULPHQWDOQRML7HRUHWLFKHVNRM)L]LNLYROSS
>@ 3-)RUGDQG*$6DXQGHUV8QGHUVWDQGLQJ6XSHUFRQGXFWLYLW\ LQ7KH5LVHRI WKH
6XSHUFRQGXFWRUV)ORULGD&5&3UHVVSS
>@ -0DWULFRQDQG*:D\VDQG(DVW LV(DVWDQG:HVW LV:HVW LQ7KH&ROG:DUV$




>@ ' 5 7LOOH\ DQG - 7LOOH\ *LQ]EXUJ/DQGDX 7KHRU\ LQ 6XSHUIOXLGLW\ DQG
6XSHUFRQGXFWLYLW\UGHG%ULVWRO,23SXEOLVKLQJ/WGSS









>@ ' 5 7LOOH\ DQG - 7LOOH\ 6HFRQGRUGHU FULWLFDO ILHOGV LQ 6XSHUIOXLGLW\ DQG
6XSHUFRQGXFWLYLW\UGHG%ULVWRO,23SXEOLVKLQJ/WGSS










>@ -0DWULFRQDQG*:D\VDQG(DVW LV(DVWDQG:HVW LV:HVW LQ7KH&ROG:DUV$





































>@ & 3 3RROH + $ )DUDFK DQG 5 - &UHVZLFN ,QWHUQDO DQG &ULWLFDO )LHOGV LQ
6XSHUFRQGXFWLYLW\6DQ'LHJR&DOLIRUQLD$FDGHPLF3UHVV,QFSS
>@ 01:LOVRQ6XSHUFRQGXFWLQJ0DJQHWV2[IRUG8QLYHUVLW\3UHVV




&RPSRVLWLRQ RQ 6XSHUFRQGXFWLQJ 7UDQVLWLRQ 7HPSHUDWXUH RI 7DQWDOXP &DUELGH DQG
1LRELXP&DUELGH3K\VLFDO5HYLHZYROSS	
>@ / ( 7RWK 6XSHUFRQGXFWLQJ 3URSHUWLHV LQ 5HIUDFWRU\ 0DWHULDOV $ 6HULHV RI
0RQRJUDSKV$FDGHPLF3UHVV,QF/RQGRQ/WGSS
>@ & 3 3RROH + $ )DUDFK DQG 5 - &UHVZLFN 9RUWH[ $QLVRWURSLHV LQ
6XSHUFRQGXFWLYLW\6DQ'LHJR&DOLIRUQLD$FDGHPLF3UHVVSS













>@ $GGUHVV%HIRUH D -RLQW 6HVVLRQ RI WKH&RQJUHVV )ROORZLQJ WKH 6RYLHW8QLWHG6WDWHV





>@ 5DGLRQXFOLGH KDOIOLIH PHDVXUHPHQWV KWWSZZZQLVWJRYSPOGDWDKDOIOLIHKWPOFIP

>@  7HVOD  PP %RUH +\EULG 0DJQHW KWWSVQDWLRQDOPDJODERUJXVHUIDFLOLWLHVGF
ILHOGLQVWUXPHQWVGFILHOGUHVLVWLYHPDJQHWVWHVOD
>@ 5HVLVWLYH 0DJQHWV KWWSVQDWLRQDOPDJODERUJXVHUIDFLOLWLHVGFILHOGLQVWUXPHQWV
GFILHOGUHVLVWLYHPDJQHWVWHVOD
>@ LWHUQHZVOLQHKWWSZZZLWHURUJQHZVOLQH














>@ - / 'XFKDWHDX 3 .RPDUHN DQG % 7XUFN 7KH +LVWRU\ RI )XVLRQ 0DJQHW
'HYHORSPHQWLQ<HDUVRI6XSHUFRQGXFWLYLW\)ORULGD&5&3UHVVSS
>@ LWHUQHZVOLQHKWWSVZZZLWHURUJQHZVOLQHDFFHVVHG










YRUWH[ G\QDPLFV LQ WKLQ ILOPV RI WZR VWUXFWXUDO SRO\PRUSKV RI VXSHUFRQGXFWLQJ 1E1
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